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Metallic nanostructures play a defining role in micro and nanotechnology, from 
interconnects in electronics to electrodes in chemical sensors, batteries, fuel-cells, 
antennae, plasmonic waveguides in sub-wavelength optics and structural color 
generation. While the demand for making functional metallic nanostructures for 
the development and commercialization of new technologies is increasing, there 
is a need for new manufacturing techniques that allow rapid prototyping or mass 
production of nanostructured devices at an economical and cost effective rate 
while using simple processing environments (i.e. liquid free, mask free, single 
step and ambient processing). To address these challenges, this thesis primarily 
examines solid state nano manufacturing pathways using ion conductive solid 
electrolytes, to develop a cost effective, simple alternative to state of the art direct 
writing techniques (e.g. Ebeam lithography and Focus ion beam lithography). 
First,  a solid state electrochemical direct writing  technique is developed using a 
conductive atomic force microscopy (AFM)  tip for rapid prototyping of silver 
nanostructures on a silver based ion conductive glass substrate. The technique was 
implemented to fabricate silver nanostructures by using an AFM probe as the 
working electrode and ionically conductive glass (AgI)0.25(AgPO3)0.75 as the solid 
electrolyte in an electrochemical cell configuration. While the tip based approach 
was primarily adapted to explore time-scale and resolution capabilities with  
probe based writing, erasing of a silver pattern from the surface was also 
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accomplished by scanning the surface using the AFM tip with anodic polarity.  By 
using the patterned silver substrate as a template for replica molding of soft 
materials such as polydimethylsiloxane (PDMS), the  writing technique was then  
utilized for single step integration of micro-channels with nano-channels. Next, 
this technique was extended to nano-patterning copper by utilizing a glassy 
copper pure ionic conductor ((CuI)x-(CuPO3 )(1-x) from the same family of solid 
electrolytes. 
 
To address manufacturing needs on an industrial scale, our laboratory has 
previously developed an imprint based scalable manufacturing process using solid 
electrolytes known as solid-state superionic stamping (S4) to selectively etch 
silver and copper. The technique currently allows the fabrication of  sub-100 nm 
features on a planar surface over an area of 0.26 mm2	and micron scale features 
over an area of  25 mm2. The later part of this thesis demonstrates S4 patterning 
over an area of 100 mm2 and discusses  the potential of  further scaling up the  S4 
process using large area stamps. S4 patterning of silver using a roll to plate 
scheme is also demonstrated to explore the potential of the S4 technology in a roll 
to roll configuration for high volume manufacturing. Additionally, the 
opportunities to advance the S4 technology with the aid of a commercially 
available  two photon lithography based direct writing technique from Nanoscribe 
is also investigated. First, the unique capability of the two photon lithography 
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(2PP) process to introduce height variation at the nanoscale is explored for 
fabricating meta-surface based planar focusing solar collectors. The prospect of 
the 2PP process is then investigated as a means for preparing mold substrates  for 
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Chapter 1: Introduction 
 
1.1 Metallic Nanostructures 
Metallic nanostructures find a wide range of applications in today’s nanoscience 
and nanotechnology. For example, silver as an element has excellent conductivity, 
low chemical reactivity and electromagnetic properties that allow silver to support 
resonant surface plasmons over a wide band of the visible and infrared frequencies 
when patterned at the nanoscale [1, 2] These properties, coupled with its low cost 
(compared to other noble metals such as gold) make it an excellent material of 
choice for plasmonic devices, optical biological and chemical sensors, focusing or 
concentrating schemes in photovoltaics, and energy harvesting with novel 
phenomena like the plasma-electric effect [1-6]. Among other candidate metals for 
micro/nanostructured devices, copper is also of considerable interest for use as 
catalysts, antibacterial materials, plasmonic sensors, transparent electrodes in solar 
cells and flexible electronic devices [7-10]. The functionality of these devices is 
heavily dependent on the size, shape and structures of the metals at the nanoscale, 
and realization of such nanostructures solely depends on the capabilities of 
advanced nanofabrication techniques. 
 
1.2 Nanofabrication Methods  
The most conventional scheme for patterning metal is UV lithography. In the 
general framework of this technique, a photo-sensitive polymer (i.e. resist) is coated 
onto a substrate, the substrate is then subjected to ultraviolet (UV) light though a 
photo-mask that is opaque in selective areas, such that the mask allows only certain 
portions of the photoresist to receive the UV exposure. The UV energy exposure 
initiates a chemical reaction in the polymer that either increases the solubility or 
crosslinks  the UV exposed portion of the resist when immersed into a liquid 
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solution (development). Whether the UV exposed or unexposed portion is removed 
depends on the type of resist.  Fabrication of metallic structures using this approach 
is usually done by using the patterned resist either as an etch mask or a template. 
The first process involves depositing a metal film on a substrate, patterning a resist 
on top of the metal using the photolithography and then etching metals from the 
areas not covered by the resist (metal etch).  The second process involves depositing 
a metal film over a substrate patterned with a resist and then dissolving away the 
resist on the substrate to lift-off the deposited metal on top, such that metal remains 
only on the areas of the substrate where no resist was present (lift off).  
 
While conventional photolithography allows micro-scale patterning over a wafer 
resulting in high throughput, improvements in resolution with this technique is 
limited by the diffraction limit of the light source and numerical aperture (NA) of 
the lens used in the optical system. [11] Commercial lithographic systems with state 
of the art lens technology uses an ArF light source (~193 nm) to enable patterning 
to 65 nm resolution. [11] The use of immersion lithography (utilizes a liquid 
medium between the final lens and the substrate to improve NA) with different 
resolution enhancement techniques demonstrated further improvement of the 
resolution of the process to 14 nm. [12] However, the high cost of the lithography 
equipment and the complexity associated with the fabrication process is still not 
favorable for exploration of new ideas and translation of research results for 
commercial development.  A variety of alternative nano-fabrication approaches 
have therefore been investigated and commercialized, with the ultimate goal of 
making metal nanostructured devices in a cost effective and simplified manner. The 





1.2.1 Direct Writing Techniques  
 
Electron Beam Lithography and Focus Ion Beam Lithography 
Among the current state of the art fabrication approaches for making nanostructured 
devices, electron beam lithography (EBL) and focused ion beam lithography (FIB) 
are the top candidates that can make arbitrary shapes of nanoscale features with 
high resolution [13, 14]. Both processes can directly write patterns for 
nanostructures with lateral dimensions below 10 nm using a CAD design input and 
thus do not require the use of a physical mask.  
 
In E-beam lithography, a substrate is usually coated with a polymer based resist 
and then a focused electron beam is used to sequentially write the pattern, exposing 
the resist point by point at a time or at one pixel per interval. Depending on the type 
of the resist (positive/negative), either the exposed or non-exposed regions of the 
resist is removed when the substrate is dissolved in a solvent (developer) after the 
electron beam exposure (Figure 1.1(a)). Similar to photolithography, fabrication of 
metallic nano-structures using the E-beam lithography process requires depositing 
metal (typically using evaporation or sputtering techniques) on the substrate before 
or  after patterning the resist with the electron beam and performing a  metal etch 
or lift off as the final step.  
The advantage of e-beam lithography stems from the fact that accelerated electrons 
in an electron beam have wavelengths so small that diffraction no longer defines 
the lithographic resolution. As a result, unlike optical lithography where resolution 
of the process is limited by the wavelength of the light used for exposure, resolution 
of the E-beam process depends significantly on the spot size of the electron beam. 
As a result, the process is capable of directly writing resist patterns with very small  
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Figure 1.1: Cartoon illustration of different direct writing techniques: (a) E-beam 
lithography followed by a metal lift off procedure. [15] (b) Focus ion beam lithography for 
etching a substrate. [16] (c) Scanning probe based lithography. [18] 
features, often with the dimensions of sub-micron down to a few nanometers 
(typically <10 nm using PMMA resist). However, as exposure of patterns to 
electron-beam is performed in a pixel by pixel approach and each pixel also needs 
to be exposed for a certain amount of time such that the resist within the pixel 
volume receive adequate energy to develop, writing time with E-beam can be 
significantly long. This results in a very low throughput and limits the use of the 
technique for high volume manufacturing.  
Focus ion beam follows a similar writing approach to E-beam lithography, 
however, in place of an electron beam, writing is accomplished by using a focusing 
ion beam (typically Ga+). While E-beam lithography is mainly a resist based 
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process, focus ion beam lithography can be used both with or without the resist.  
Since ions are much heavier than electrons, an ion beam can directly mill surfaces 
of substrate materials such as Si or Ge, etching the desired pattern(Figure 1.1(b)). 
However, sputtering of ions or atoms from the substrate by a heavy ion in the 
writing process can often lead to non-uniform etching or significant substrate 
damage. While FIB has a more enhanced etch rate than EBL [14], the process still 
requires hours to complete wafer scale patterning and has a low yield. Because of 
the high cost of equipment and slow rate associated with both E-beam and Focus 
ion lithography, the techniques are mainly used for direct writing of small-area, 
low-volume patterns in research environment and photo-mask fabrication in the 
industry. 
Scanning Probe Based Lithography 
Although widely used for imaging, the nanoscale resolution, relatively low cost 
and simplicity of operations of commercially available scanning probe 
microscopy systems provide a promising platform to develop direct writing 
techniques as an alternative approach to FIB/EBL.  Most of the scanning probe 
based nano-lithographic techniques reported in the literature are primarily based 
on two imaging technologies of the SPM family: atomic force microscopy 
(AFM) and scanning tunneling microscopy (STM). [17,18] In this probe based 
lithographic scheme, a nanoscale tip is used in place of an electron/ion beam to 
write patterns on a substrate. The sharp tip is either brought into close proximity 
or in contact with a substrate. An external stimulus is then applied to the tip to 
initiate certain phenomena such as bias induced electrochemical reaction, force 
induced mechanical indentation, molecular diffusion to locally etch/deposit 
material in the nanoscale volume between the tip and the substrate (Figure 
1.1(c)). The substrate is then moved relative to the tip using a motorized stage 
 6 
while maintaining the external signal to generate the pattern.  A variety of metal 
patterning using scanning probe lithography have been reported in literature, 
including exposure of a resist layer to electronic current [19, 20, 21], electrostatic 
tip-to-target material transfer [22, 23] as well as electrochemical reaction using 
liquid electrolytes [24].  However, these methods require either the substrate or tip 
to be pre-coated or a gas or liquid precursor be used, thus making the process more 
complex and less robust. 
 Dip Pen Nanolithography 
A commercialized process from many of the scanning probe lithography 
approaches explored in the literature is dip pen nanolithography (DPN). [25] In this 
technique, an AFM tip is coated with an ink material (e.g. alkanethiols, DNA, 
protein etc). When the AFM tip is brought in proximity of a substrate (e.g. Au, 
SiOx), a water meniscus forms between the tip and the substrate due to humidity 
in the environment.  By heating the tip to a temperature above the melting point 
of ink, the ink molecules on the surface of the AFM tip can be diffused into the 
substrate through the water meniscus. This technique allows surface patterning on 
scales less than 100 nanometers, however metal patterning using DPN involves 
using etch resists as ink materials and then performing an etch step. While recent 
advances reported parallelization of the patterning process using two-dimensional 
arrays of 55,000 tips/cm2 [26], fabrication of the tip arrays for DPN is expensive, 
and the configuration does not allow patterning at the microscale and nanoscale in 
a single experiment.  
 
Two Photon Polymerization 
Two photon polymerization utilizes resist materials that polymerizes upon 
absorbing two photons from a laser source. Two-photon absorption by an atom is 
usually mediated by a virtual energy state of the atom after the first photon 
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absorption. This virtual state has an extremely short lifetime (several 
femtoseconds), and a two photon absorption TPA is only possible if a second 
photon is absorbed before the decay of the virtual state. As a result, two photon 
process requires the use of a femto- second laser system that allows precise 
localization of laser energy in time and space.   When focused into the volume of a 
photosensitive material, the pulses initiate two-photon polymerization via two-
photon absorption. As the focused laser is moved through the resin, polymerization 
occurs along the trace of the focus.  After illumination of the desired structures 
inside the photoresist volume and subsequent development (i.e. removing non-
illuminated regions of the resist using a solution), only the polymerized material 
remains on the surface. State of the art two photon lithography systems use a 780nm 
Ti-Saphire laser capable of exposing the resist material at 390nm, with the 
polymerization voxel as small as 200nm. In contrast to the other direct write 
techniques reported in this chapter, the process can create 3D micro structures with 
height variation at nano-scale in a single patterning step and has a line-width 
resolution down to 150 nm (Chapter 4). The laser throughput of the process is also 
orders of magnitude higher than that possible with EBL\FIB milling. 
 
1.2.2 Scalable Nano-manufacturing Processes 
Nano-imprint Lithography 
While direct writing techniques provided a pathway to support exploration of 
innovative MEMS/NEMS based designs in a research environment, using these 
techniques for mass production of devices is economically impractical due to the 
inherent low throughput in a serial processing tool.  To scale up nano-patterning 
over large area at a lower overall cost and high throughput than direct write 
methods, Nano-imprint lithography (NIL) utilizes a mechanical mold typically 
made using FIB/EBL as a master pattern.  In the first step of a typical nano-
imprinting process, the mold with the master pattern on its surface is pressed into a 
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thin resist coated on a substrate, followed by removal of the mold.  The resist layer 
coated on a substrate is a polymer that can either be heated to a molten state (thermal 
NIL), or cured upon UV illumination (UV-NIL) (Figure 1.2). [27, 28, 29] When 
pressed against the mold, the molten/liquid resist flows and deforms into the shape 
of the mold. Consequently, a thickness contrast pattern replicating the master is 
produced in the resist which can be solidified by cooling the interface below the 
glass transition temperature of the resist or curing the resist with UV illumination.  
The next step is the pattern transfer where the residual resist in the compressed area 
is removed using an anisotropic etching process (i.e reactive ion etching, RIE) to 
expose the underlying substrate. At this stage, metal can be deposited onto the 
substrate and patterned using a lift-off procedure. [28] The technique supports 
nanofabrication on a wafer scale [30,31], and the mold containing the master 
pattern can be reused for patterning the same design repeatedly.  However, 
fabrication of the master pattern on a large area using a direct write technique is 
still an expensive process, and patterning a new design using NIL would require 
generation of a new mold. This increases the overall complexity and cost of 
fabrication with NIL on an industrial platform, where fabrication and integration of 
multiple layers with different designs are necessary.  
 
Nano-transfer Printing  
Nano-transfer printing (nTP) directly transfer patterns of metallic films [32, 33, 34] 
from a stamp  to a  substrate with different surface chemistries. The  pattern is 
initially defined on a PDMS stamp by replica molding PDMS against a master 
pattern typically made using Ebeam/FIB. After depositing metal on the entire stamp 
area, the relief of the PDMS stamp is brought into contact with the target substrate. 
The target substrate is usually pretreated so that adhesion of the metal film towards 
the substrate is stronger than towards the stamp. This causes the metal film between 
contact area of the stamp and the substrate to adhere on the target substrate upon 
 9 
release of the stamp. While ultra high resolution patterning < 50 nm using nTP has 
been reported in the literature using different ink materials, the process is mostly 
reliable for making metal patterns greater than 1 µm. 
 
 
Figure 1.2: Variants of Nanoimprint lithography: (a) Thermal NIL. (b) UV- NIL. [29] 
 
Damascene Process 
The damascene process was first introduced by IBM [35] in the 1990’s as a mean 
for making copper interconnects in the micro-chip circuitry. In this process, a 
dielectric layer is first patterned using photolithographic technique (e.g. ArF 
photolithography). Copper is then electroplated on the entire patterned substrate as 
a continuous film such that the recesses in the dielectric pattern is filled with metal. 
The excess copper on undesired locations of the surface is then removed by 
chemical mechanical polishing (CMP), a complex and difficult to maintain surface 
planarization process. The process is typically used to create metallic interconnects 





1.2.3 Additional Techniques 
 
Additional lithographic [e.g. nanosphere lithography or interference lithography] 
processes have proven to be more economical and powerful tools in creating nano 
scale metallic features [36, 37]; the complexity of the patterns that can be created 
is limited, in that only certain shapes, positioning and size control of nanostructures 
can be achieved using these techniques. Among other direct writing patterning 
techniques, Electro-hydrodynamic or ink jet printing involves writing a metal 
containing ink precursor, followed by a high temperature annealing and sintering 
step to decompose the precursor and form metal patterns [38,39]. Similar to nano-
transfer printing, these processes are also not suitable for making metal structures 
with submicron line-width. Electrochemical micromachining (EMM), using a 
liquid electrolyte, has been proposed to directly produce sub-micron metallic 
features. [40] The advantage of electrochemical manufacturing processes is that the 
processes are usually based on a room temperature chemistry where etching of a 
metal requires using it as an anode to oxidize metal as metal ions. This allows the 
manufacturing process to be performed at ambient temperature. However,  the use 
of liquid electrolyte in the process limits the resolution and might contaminate both 
the tool and the substrate. 
1.3 Nanofabrication: Summary of Challenges and Current Needs 
The functionality of metal nanostructured devices is heavily dependent on the size, 
shape and structures of the metal at the nanoscale, and realization of such nano 
structures solely depends on the capabilities of advanced nanofabrication 
techniques. However, the high cost, time and complicated experimental procedures 
for electron-beam lithography and focus ion beam lithography greatly limit their 
utility in fabricating large areas of nano-size structures in a high-throughput 
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fashion.  Scanning probe based lithography techniques reported in the literature 
offers an alternative, economic and simplified fabrication strategy, the processes 
are still multi-step as post/preprocessing of the tip/substrate is required for 
patterning metals. Scalable technologies such as nano-imprint lithography (NIL) or 
nano transfer printing (nTP) allow large area patterning of nanostructures, but the 
techniques require a master mold that is usually expensive to prepare and can only 
replicate the design of the mold. While nanosphere lithography and interference 
lithography can fabricate plasmonic arrays in an inexpensive and scalable fashion, 
the processes can only generate arrays of triangles, spheres and line structures. All 
the fabrication techniques discussed above also has processing steps requiring 
special environment (i.e. use of gas/ vacuum/liquids). A comparison of different 
techniques discussed in this Chapter is given in table 1.1 in terms of resolution, 
scalability, process complexity and the capability to manufacture different 
materials.  
 
To summarize, the demand for making functional metallic nanostructures for the 
development and commercialization of new technologies is increasing. However, 
there is a lack of manufacturing techniques that provide users the flexibility of 
fabricating nanostructured devices at the desired cost and speed while using a 
simple processing environment (i.e. liquid free, mask free, single step and  ambient 
processing). 
 
1.4 Solid State Nano-Manufacturing Pathways using Ion Conductive Solid 
Electrolytes 
To eliminate the complexities of nano-fabrication processes incorporating 
gas/liquids, electrochemical transport in solid electrolytes has been explored in the 
literature for nano-patterning applications. The basic framework of such 
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electrochemical patterning processes using solid electrolytes involves an 
electrolytic cell composed of a cathode and anode, bridged by a superionic 
conductor.  Superionic conductors allow the conduction of ions in solid state, and 
therefore can be used as a solid electrolyte to supply the metallic ions in a metal 
electrochemical patterning process.  
 
A subtractive manufacturing approach based on this scheme is known as solid state 
superionic stamping, where Hsu et al. used the solid electrolyte Ag2S to etch 
features into silver and copper  films with nanoscale precision. [41] The solid 
electrolyte has its surface patterned by focus ion beam milling so that it makes 
contact with a film to be patterned (configured as the anode in the electrochemical 
cell) only at areas where metal is to be removed. The patterned glass is used as the 
stamp in the process. When anodic bias is applied to the film to be patterned, metals 
from the film-electrolyte interface dissolved into the electrolytes as metal ions. 
Finally, the stamp is removed leaving behind a pattern on the substrate that 
replicates that on the stamp. Later Schulz et al. reported etching of copper film with 
S4 by using Cu2S electrolyte, and thus experimentally demonstrated that the 
patterning process can be  compatible to a wide range of ion conducting 
electrolytes.  [42] 
 
While use of Cu2S and Ag2S in the S4 process generated silver and copper features  
with nanoscale precision, implementing S4 for large scale manufacturing required 
overcoming some challenges stemming from the crystalline nature and properties  
of the stamp materials. Preparation of the patterned stamp was not very economic 
as patterning on both Ag2S and Cu2S required the use of focus ion beam milling to 
make a stamp for high resolution features. Both crystalline materials undergo solid 
state phase transition leading to defects in the stamp and the imprinted pattern. To 
reduce the time and cost associated with stamp preparation, Kumar et al used 
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mechanical imprinting to produce multiple stamps from a pre-patterned silicon 
master mold. [43] But application of this method was limited for patterning on a 
scale of few millimeters, since the force required for plastic deformation of   areas 
larger than that  becomes quite large. Also, since both Ag2S and Cu2S are mixed 
conductors (charge transfer occurs via both  ion transport and electron transport), 
not all the coulombic charge supplied as input to the process is utilized to etch 
metals for electrochemical patterning. The materials are ionically conductive only 
at high temperatures which challenges simplification of S4 to an ambient 
manufacturing process. Therefore, alternative solid electrolyte with properties 
suitable to simplify the stamp preparation process and improve the energy 
efficiency of the patterning process was necessary.  Jacobs et al. demonstrated a 
significant improvement to the S4 process by implementing patterning of silver  
using a superionic (AgI)x-(AgPO3)(1-x) glass as the stamp material. [44]  From a 
manufacturing perspective, (AgI)x-(AgPO3)(1-x) provides excellent balance of 
desired properties such as chemical stability at ambient conditions, high ionic 
conductivity at room temperature, ease of processing and good optical properties. 
(AgI)x-(AgPO3)(1-x) where x represents the mole fraction of AgI in (AgI)x-
(AgPO3)(1-x) mixture, is an environmentally stable glassy electrolyte.  Depending 
on the preparation method, the glass transition temperature of (AgI)x-(AgPO3)(1-x) 
also changes in the range of 260°C to 80 °C for mole fraction x going from 0 to 0.5. 
[45] This low glass transition temperature is particularly advantageous as it allows 
substrates to be conveniently melt-processed (molding, hot embossing, spin 
casting) and thus simplify the stamp patterning process.  The pure ionic conduction 
and lack of grain boundaries in the glassy stamp  is also advantageous to make  S4 
a defect free and more efficient patterning process.  
 
In an additive process using the same electrochemical framework, Jacobs et al. used 
an electron beam as a cathode to produce highly localized supply of electrons on 
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the writing surface of solid (AgI)x(AgPO3)(1-x)  that draws and reduces mobile 
metallic ions to create localized metal nanostructures under the beam. [46] By 
moving the beam along the desired trajectory and controlling its fluence, any 
desired structure of silver can be written on the surface of the substrate. The 
minimum line-width obtain by the process was around 400 nm. The 
electrochemical extraction of silver on (AgI)x(AgPO3)(1-x) by Jacobs et al. suggested 
that the extraction of silver on the surface of the glass should be feasible by any 
localized source of electron in contact with the glass, and by implementing a nano-
sized conductive atomic microscopy probe (AFM)as the cathode, one may 
accomplish patterning at length scale that is not attainable by the E-beam writing 
or S4 technique. 
 
In this PhD thesis, an AFM tip based solid state electrochemical patterning 
technique for rapid prototyping metal nanostructures on ion conductive glass 
substrates is explored. The technique was implemented to fabricate silver 
nanostructures by using an AFM probe as the working electrode and ionically 
conductive glass(AgI)0.25(AgPO3)0.75, as the solid electrolyte [Chapter 2].  Initially 
the tip based approach was adapted to explore the time-scale and the resolution 
capabilities possible with a probe based writing, erasing of a silver pattern from the 
surface was also accomplished by scanning the surface using the AFM tip with 
anodic polarity. Next, this technique was extended to nano-patterning copper by 
utilizing a glassy copper pure ionic conductor ((CuI)x-(CuPO3)(1-x) from the same 
family of solid electrolytes [[Chapter 3]. In chapter 4, opportunities to model the 
extraction process in the AFM based direct write approach (reported in chapter 2 
and 3) is explored, with an aim to understand the growth behavior of the extracted 
metal on different ion conductors and predict the optimal parameters for actual 
patterning. Chapter 5 explores the fabrication capabilities of a two photon 
lithography based new commercial direct writing  instrument (i.e. Nanoscribe) at 
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the nanoscale by demonstrating fabrication and performance  testing of a meta-
surface based design as solar collector.  Chapter 6 demonstrates capabilities of S4 
for making plasmonic metallic structures. The  opportunities to further scale up the 
S4 patterning process over areas with diameter > 5 mm  is then discussed by 
demonstrating S4 patterning over an area of 10 mm diameter. In chapter 7, 
opportunities of making 3D metallic nanostructures with height variation at 
nanoscale by using the Nanoscribe  as a mold fabrication technique for S4 are then 


































Chapter 2: Direct Writing of Silver Nanostructures using 
a Conductive AFM probe 
 
2.1 Background 
Direct nano patterning of silver structures with an inexpensive and facile process 
is highly desirable to support experimental exploration and critical for translating 
those results to cost-effective and mass-producible structures. As mentioned in 
chapter 1, our group has focused on the use of solid state superionic conductors as 
the basis for such a process. In previous publications, all-solid-state nano-
imprinting of silver and copper structures [41, 42, 43, 44] and single-step direct 
writing of silver structures with an electron beam [46] have been demonstrated. In 
this chapter, we demonstrate solid state direct writing of silver nano-structures 
with an atomic force microscope (AFM). Previously, tip based electrochemical 
writing on solid electrolytes such as AgCl and RbAg4I5  has been explored in the 
literature. Spangenberg et al. demonstrated electrochemical writing of silver 
microstructures on AgCl using a microeletrode on mechanically prestructured 
tracks. [47] However, because of the low room tempearature conductivity of AgCl 
(2×10-8 Ω-1cm-1) [48] and the difficulty of controlling the line dimension of the 
structures formed, the practicality of using this direct writing technique as a high 
throughput manufacturing process at nanoscale is limited.  Lee et al. [49] 
demonstrated a nano-scale solid state direct write approach to electrochemically 
pattern discrete silver features on a solid ionic conductor film of RbAg4I5 by 
applying negative voltage pulses to a silver coated AFM tip. Although RbAg4I5 is 
an excellent ionic conductor (0.27 Ω-1cm-1), the material is not suitable for 
ambient manufacturing processes as it reacts rapidly with atmospheric moisture 
and decomposes in matter of hours. The material is also opaque at visible 
wavelengths.  
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In this work, these challenges are overcome by realizing an all solid-state writing 
process that incorporates a solid-state ionically conductive substrate, 
(AgI)0.25(AgPO3)0.75, as the source of silver ions and a conductive AFM tip as the 
working electrode. While a number of silver-based ionic conductors [50,51,52,53] 
can be used as the substrate material for the direct writing process, (AgI)x 
(AgPO3)(1-x) provides excellent balance of desired properties such as chemical 
stability at ambient conditions, high room temperature ionic conductivity, ease of 
processing and good optical properties. (AgI)x (AgPO3)(1-x), where x represents the 
mole fraction of AgI in (AgI)x (AgPO3)(1-x) mixture, is an environmentally  stable 
glassy electrolyte. The surface of the samples do not display significant 
degradation when kept in ambient condition for several days. A haze becomes 
visually discernable after about a week of exposure to ambient light and 
atmospheric moisture. Samples can be preserved for several weeks in dark and 
dry conditions. The ionic conductivity of the material can also be tuned across 
four orders of magnitude by properly selecting the mole fraction of AgI in the 
mixture [48] to provide room-temperature ionic conductivity as high as  4×10-2 Ω-
1cm-1. Depending on the preparation method, the  glass transition temperature of 
(AgI)x (AgPO3)(1-x) also changes in the range of 260 °C  to 80 °C for mole fraction 
x going from  0 to 0.5 [45]. This low glass transition temperature is particularly 
advantageous as it allows substrates to be conveniently melt-processed (molding, 
hot embossing, spin casting, for example). The material is also optically 
transparent, showing strong absorption in the UV range with a sharp decline in 
absorption occurring around 450nm [54]. Increasing the mole fraction of AgI in 
the glass increases the absorption in the ultraviolet-blue part of the spectrum, 





2.2.1 (AgI)x(AgPO3)(1−x)  Synthesis    
Synthesis of (AgI)x(AgPO3)(1−x) involves two primary reactions. First, AgPO3 is 
prepared by heating a mixture of AgNO3 and (NH4)H2PO4  in an alumina crucible 




1⎯⎯3	 𝐴𝑔𝑃𝑂%	(𝑙) + 	𝑁𝐻%(𝑔) + 𝐻+𝑂	(𝑔) + 𝑁𝑂5(𝑔) 
 
The Liquid AgPO3   is then quenched between brush plates to form amorphous 
glass and ground to powder. (AgI)x(AgPO3)(1−x) can then be synthesized from 
appropriate molar amounts of AgI (99.9% from Alfa Aesar) and amorphous 
AgPO3. 
 




Figure 2.1  outlines the steps followed to make  AgPO3 inside a fume-hood 
environment in our lab. The leftmost image in Figure 2.1  shows the arrangement 
used to heat AgNO3 (99.995% from Salt Lake Metals) and (NH4)H2PO4 (>98% 
from Sigma Aldrich) using a hot plate. First an empty Al2O3  crucible (99.6% 
purity, obtained from AdValue Technology ) is placed inside a metal crucible. 
Since heat is supplied only to the bottom of the crucible while using a hot plate, 
the metal Al2O3 crucible (melting point > 550 C) is used to ensure relatively 
uniform heating of the crucible. A 4 inch Si wafer (melting point > 550 C) was 
used to prevent contamination of the surface of the hotplate due to any overflow 
of the melt from the crucible when gas generates during heating of the mixture. 
The steel enclosure on the wafer is provided to contain any chemical spill within 
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the Si wafer. The assembly is then preheated to 200 C. Powdered form of the 
reagents are first weighed and mixed in a glass beaker. The mixture is then poured 
into the Al2O3 crucible on the hotplate. Use of the glass beaker is recommended in 
stead of a plastic weigh-boat for pouring since the plastic may melt when in 
proximity to the preheated crucible and contaminate the mixture. Heating of the 
mixture is performed in two stages. First (stage 1), the mixture is heated to a 
temperature above the melting point of (NH4)H2PO4 (i.e. 190 C) and below the 
complete decomposition temperature of AgNO3 (i.e. 440 C).The goal is to degas 
all the ammonia gases before AgNO3 fully decomposes giving away NOx gases. 
The mixture turns orange in color as it begins to melt, and gives off gases (mostly 
ammonia and water vapor) leaving a slurry mixture. When degassing of NH3 is 
almost complete, a visually foamy mixture is formed inside the crucible. As the 
temperature of the hotplate is gradually increased above 440 C leading to a final 
temperature of 550 C (stage 2), AgNO3  fully decomposes giving away brown 
NOx gases and eventually produces a liquid AgPO3 mixture. The  AgPO3  melt  is 
then quenched between aluminum plates to form amorphous AgPO3  at room 
temperature. It is important to note that due to the significant amount of gases 
generated during this entire process, any increase of the  temperature setting of the 
hot plate should be performed  slowly to prevent overflow of the melt. 
Alternatively, liquid AgPO3 can also be made by heating the reagents uniformly in 
a furnace that is equipped with an exhaust for gases to escape and has programs to 
control heating of the mixture at a desired rate.  Figure 2.2(a) shows AgPO3 glass 
formed using the process outlined in Figure 2.2 for heating reagents using a 
hotplate, while Figure 2.2(b) shows AgPO3 glass prepared by quenching the melt 
that is formed by heating the reagents using a KSL -1100X muffle furnace  from 
MTI corporation. The AgPO3 prepared using both the approach looks visially 
similar. Use of the  temperature controlled  furnace was attempted as it ensures 
uniform heating of the reagents and thus provide more control over the melting 
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process compared to heating the reagents using a hotplate  
 
 
Figure 2.1: Steps for AgPO3 Synthesis  
 
Figure 2.2: Transparent AgPO3 prepared by quenching: (a) AgPO3 prepared using a 
hotplate assembly (b) AgPO3 prepared using a temperature controlled furnace 
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Figure 2.3:  Steps showing  the process of making  (AgI)x- AgPO3 (1-x). Imagaes are 
shown for  (AgI)0.5(AgPO3)0.5   
assembly. For the furnace heating, the temperature  was  increased from room 
temperature to 350 C at 5 C/min. After keeping the melt at 350 C for 16 hours, 
temperature was increased at 5 C/min to 550 C, and then held at that temperature 
for 4 hours before quenching.  
 
To make (AgI)x- AgPO3 (1-x), the AgPO3 prepared  in step 1 is ground into powder 
and mixed with required proportion of AgI   in a Al2O3  crucible to prepare desired 
amount of (AgI)x- AgPO3 (1-x) .   The mixture is then heated above the melting 
point of AgI (i.e. 554 C) and kept at 600C for an hour.  It is  then cooled down to 
400 C, transferred to a pyrex tube and kept at that temperature for 60 hrs. The 
prolong heating of the mixture in a pyrex tube is necessary to separate any 
contamination of the mixture from  the Al2O3 crucible  as a separate layer at the 
top of the melt. A comprehensive analysis on contamination of (AgI)x- AgPO3 (1-x)  
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due to different crucible materials and mechanism of separating the contamination 
from the melt by utilizing the buoyancy forces acting on the particles has been 
reported previously in the literature. [55].  Figure 2.3 outlines the process for 
making (AgI)x- AgPO3 (1-x) from AgI and AgPO3, the images are shown for x= 0.5.   
 
2.2.2 Sample Preparation and Experimental Setup for AFM writing 
For writing silver patterns using a conductive AFM probe, (AgI)x(AgPO3)(1−x) 
glass with  x= 0.25 was used as the substrate material. The ionic conductivity is 5 
× 10−4 Ω−1 cm−1 [53], and the glass transition temperature is 120 °C [50, 51] at 
this composition.  
 
To prepare a substrate for writing, first a 127 µm thick silver foil (99.97% metals 
basis from Alfa Aesar) is flattened on a microscope cover slip. Two 2 mm thick 
spacers are placed on the foil to form a channel. The synthesized 25% glass (i.e.  
 
(AgI)0.25(AgPO3)0.75,  is placed in the channel and heated to 200 °C to allow the 
material to reflow and adhere to silver foil. The polished surface of a Si wafer, 
heated to 200 °C, is pressed on the molten top surface of the glass to flatten and 
spread it until the silicon wafer rests on both spacers, producing a flat disc of the 
(AgI)0.25(AgPO3)0.75 glass. The entire assembly is allowed to cool to a temperature 
of 100 °C so that the glass disc solidifies. The silicon wafer delaminates 
spontaneously from the glass when a crack is introduced at the edge of the glass–
silicon interface. The (AgI)0.25(AgPO3)0.75 glass substrate is then introduced into 
an AFM (Asylum MFP-3D) so that the flat surface of the glass is exposed to the 
tip as shown in figure 2.4 for directly writing on it.  
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The lithography suite and image analysis package of the Asylum MFP- 3D were 
used to control the tip position for direct writing and imaging the results of direct 
writing. A Gamry InstrumentsTM Reference 600 Potentiostat/Galvanostat/ZRA 
was used in the galvanostat mode to provide controlled current input for the 
electrochemical reaction during the writing process.  
 
A Cr/Pt coated conductive AFM tip with 25 nm radius at the apex (resonant 
frequency 75 kHz; stiffness 3 Nm−1 from Budget Sensor) was used for writing. To 
form an electrochemical cell, the AFM probe was connected to the galvanostat as 
the working electrode, and the silver foil on the back of the glass substrate was 
connected as the counter electrode. The entire experiment was performed inside 
the faraday enclosure of the AFM system. Electrical connections from the 
galvanostat to the AFM were also shielded to prevent additional electromagnetic 
interference from the surroundings. 
 
 Before electrochemical direct writing, the sample surface is scanned several 
times using the conductive tip at zero bias to map its topography and ensure the 
correct functioning of the electrical circuit. To determine the input offset current 
required to cancel any background current leakages from the AFM electronics in 
the setup, the galvanostat is commanded to output a zero current signal to the 
AFM tip while it scans the surface in contact mode. The actual current through the 
tip is noted from the measured current signal of the galvanostat. During patterning 
experiments, the applied current is offset by this measured value so that current 
through the AFM tip due to background signals is negligible (i.e. ∼10−3 pA) when  
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Figure 2.4: Experimental setup for current controlled writing of Ag on  
(AgI)0.25(AgPO3)0.75 
 
compared to the actual patterning currents (∼pA) and does not cause non-specific 
altering of the topology of the surface. A graphic data system (GDS) file 
containing the desired pattern is loaded into the Asylum MFP3D’s MicroAngelo 
lithography package to drive the tip along the desired trajectory while making 
contact with the surface. The galvanostat is programmed to output different 
currents for different periods of time, based on the desired feature sizes during the 
writing process and synchronized to operate with the AFMs trajectory control 
program.  
 
To study the growth process of electrochemical extraction of silver, the AFM tip 
was kept in contact with the surface at a fixed point while constant current was 
applied for the desired interval of time. To write silver lines, a constant current is 
applied at the tip while moving the probe along a predetermined trajectory on the 
surface of the substrate. To achieve control of line thickness during the writing 
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process, either current is varied with tip speed kept constant or the current is kept 
constant while the tip speed is varied. Several patterning experiments were also 
performed in these two modes to investigate the effect of current and speed on the 
height and width of the written lines. When line segments with different height 
and width dimensions were desired in a pattern to make a line-based 3D 
nanostructure, the galvanostat was set to change the current flowing through the 
tip at locations where a dimensional change is desired. The tip speed is kept 
constant for these experiments. To construct patterns with discrete silver dots, a 
pulsed current input is used. Negative current pulses with magnitudes ranging 
from 3.5 to 125 pA were applied to the tip for durations of 50–200 ms for the 
pulse writing experiments reported in this chapter Again, the size of the written 
silver dot can be controlled by either varying the current magnitude or pulse 
duration, while the dot spacing is controlled by controlling the pulse frequency 
relative to the tip speed. For the writing of example patterns in this paper, the 
magnitude and duration of the pulse was kept constant in a single patterning 
experiment. The tip traveling speed and pulsing frequency were maintained at 1 
µm s−1 and 0.5 Hz for all the pulsed current experiments, unless otherwise 
mentioned.  
 
To ensure that the analysis of size and shape of extracted silver patterns is not 
affected by any imaging artifacts such as degradation of the conductive tip or 
residual silver deposits on it, all the written structures were scanned in tapping 
mode using a super sharp silicon tip with a tip radius of 2 nm. Particle height and 
volume measurements were then obtained by analyzing the scanned images using 
Asylum MFP3D IGOR Pro software. Full-width-at-half-maxima were used to 
report the width of the written patterns. 
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 For all AFM scans used for erasing of patterns reported in this paper, the area of 
interest was scanned using 256 horizontal lines with 256 scan points along each 
line. The scan frequency was 1 line per second. 
 
2.3 Electrochemical Extraction: Voltage vs Current Controlled Approach 
Electrochemical extraction on the surface of the glass can be obtained either by 
regulating the voltage or the current at the AFM tip in contact with the glass 
surface. The current controlled approach is preferred for extraction since the 
voltage controlled approach is not ideal for making uniform and repeatable 
continuous lines.  The current through the tip during constant voltage approach 
depends on the contact resistance between the tip and the substrate as well as the 
local silver ion distribution at the tip-substrate interface.  The gradual wear of the 
AFM tip from contacting the surface during the writing process causes the contact 
resistance to vary. Any inhomogeneity of the silver ion distribution at the glass 
surface also affects the amount of charge transfer required to maintain a constant 
voltage. Both of the above two factors produces unsteady current in the constant 
voltage approach and can cause the line-width along a pattern to vary. 
 
In our study of the electrochemical extraction and writing process, the current 
controlled approach was adopted as it allows direct control of the rate at which 
charge is transferred at the tip-glass interface for electrochemical extraction of 
silver. The amount of charge supplied per unit length determines the amount of 
silver ions that will be reduced to silver per unit length on the surface as the tip 
travels along a desired path on the surface of the glass. In a current controlled 
approach, the charge per unit length (i.e. ratio of current to speed) can be varied 
either by adjusting the current at the tip or the speed at which it travels. 
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2.4 Growth Mechanism of Silver on Glass 
Figure 2.5 schematically depicts the growth of silver on (AgI)0.25(AgPO3)0.75 and 
how silver extraction takes place under an applied current when a stationary tip is 
in contact with the surface. Initially, the tip is in contact with the solid electrolyte 
(figure 2.5(a)) and acts as the working electrode to extract the first layer of silver 
between the tip and the electrolyte (figure 2.5(b)). This electrochemically 
extracted silver is now in contact with the solid electrolyte and thus acts as the 
new electrode to reduce more silver ions from the ionic conductor to create 
another layer of silver (figure 2.5(c)). Because of the diverging electric field 
distribution at the tip glass interface, electrochemical reduction of silver ions to 
silver takes place over an area slightly larger than the electrode. Therefore 
extraction of each layer of silver spreads over an area larger than the area of the 
preceding layer and thus contributes to the lateral growth and vertical buildup of 
the total extracted silver. This second layer now becomes the electrode below 
which the next silver layer (figure 2.5(d)) is extracted, and the process continues. 
This characterization of writing of silver structures on the surface of the glass 
assumes the writing process is not transport-limited, i.e., the demand for silver 
ions that can be reduced to silver at the cathode to support the desired constant 
current can be met by a constant voltage/potential drop across the substrate. At 
currents where the local concentration of mobile silver ions is depleted, dendritic 
growth of silver is observed on the surface of the substrate as the electrode is 
driven to spread rapidly to access silver ions necessary to sustain the desired flow 
of current in the circuit. 
 
The shape evolution process explained above was experimentally investigated by 
electrochemically extracting silver using a stationary AFM tip for different 
durations while applying a current of 10 pico-amperes (pA) at the tip. The 
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lowermost image in figure 2.6(a) shows the topography of the extracted silver at 
5, 10, 50, 100 and 250 seconds. The 2D shape profiles of the features were 
obtained by taking a cross-section of these images to obtain the height and width 
of the silver structure. The inset at the top left of the 2D- shape profile graph 
shows the corresponding 3D image of the features.  After 5 s of extraction, the 
height and width of the extracted silver were 52.3 nm and 705 nm respectively.  
Both height and width were found to increase for extraction at longer times. The 
longer the extraction time was, the taller and wider the features grew indicating 
that silver continues to evolve both laterally and vertically with progression of 
controlled electrochemical extraction. After 250 s of extraction the height and 
width of silver were 383 nm and 1.46 µm. 
 
Next, the effect of current  on the growth of silver is studied by analyzing the 
silver structures produced at different constant currents applied for a constant time 
interval. The lowermost image in figure 2.6(b) shows silver features extracted by 
applying 5, 25, 100, 200 and 500 pico-amperes (pA) for a time interval of 5 
seconds. Cross sectional profiles are obtained from an AFM image of the 
structures produced and are shown in the top image in the same order. For 
extraction in the 5-100 pA range, the extracted feature tends to grow taller and 
wider with increasing current, which is consistent with the description in figure 
2.6(a)-(d). In these cases [5 pA- 100pA], the transport of silver ions towards the 
tip-glass interface is sufficient to maintain steady state charge transfer  near the 
interface  for the resulting current density. As extraction is continued at a constant 
current, the current density at the interface further reduces due to continual 
increase in area of the silver electrode at the interface. As a result, silver growth 




Figure 2.5: Electrochemical extraction and growth of silver at the tip-solid electrolyte 
interface are  shown in steps (a) through (d) 
 
pA, the width of the extracted features continued to increase, however the feature 
height decreased. At such high currents, silver ion transport towards the tip 
electrode is  insufficient to support the electrochemical reduction  needed   to 
maintain desired current.This raises the electric potential at the electrode and, 
given that glass immediately beneath the electrode is depleted of mobile silver 
ions, favors the lateral, dendritic growth of the extracted silver structure along the 
surface in an attempt to access the relative abundance of mobile silver ions in the  
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Figure 2.6: Growth of extracted Ag feature with time and current: (a) Variation of height 
and width with time for a constant extraction current of  10 pA. The lowermost AFM 
image shows the topology of the features obtained for different extraction times, 
increasing from left to right. The plot shows the corresponding 2D shape profile as well 
as the width and height data, and the inset at the top left shows the corresponding 3D 
AFM image. (b) Variation of height and width of the extracted silver feature with varying 
current and a constant extraction time of 5s. The lowermost AFM image shows the 
topology of the features for increasing extraction current from left to right. The plot 
shows the corresponding 2D shape profile as well as the width and height data and the 
inset at the top left shows the corresponding 3D AFM image. 
 
remaining bulk of the glass. Consequently, at the onset of extraction, the lateral 
growth is favored over vertical growth at high current. Once the area of the 
dendritic extraction is large enough such that ions in the glass have a larger area 
of electrode to reach to maintain steady state charge transfer, silver grows laterally 
and vertically as explained in figure 2.5. Due to the preferential lateral growth of 
silver at the beginning of extraction, the final width of the features increased and 
height decreased with increasing current when observed for high extraction 




Figure 2.7: AFM images of silver extracted at  varying current and time combinations for 
a constant charge transfer to the tip. The current and time combinations used for 
extraction are listed below the corresponding images. The color-bar in the left represents 
the height data for all the four AFM images 
 
To clearly observe  the growth phenomena at the onset of extraction, the process 
is further investigated using ~nA currents. Figure 2.7 shows the variation in 
extracted silver features when a coulombic charge of 60 nC  is supplied to the tip; 
but at different rates ranging from 1000 nA to 1 nA. The total charge supplied at 
the tip controls the amount of silver to be extracted at the surface. Although the 
charge is kept the same in all the experiments, the extraction process gets more 
localized as the extraction current is reduced from 1000 nA to 1 nA. Extraction at 
1000 nA clearly exhibits the formation of thin dendritic silver features after 0.06 s 
of extraction. As the extraction current is reduced to 100 nA, the dendritic 
formation of silver is observed over a smaller area. The trend of decreasing area 
of dendritic formation at the onset of extraction continues as the extraction current 
is further reduced. The observed phenomena suggests that  the initial extraction of 
silver  is dendritic at all current levels due to the small initial electrode size. 
Because of the spatial and temporal resolution of the experimental setup, the 
dendritic growth can only be observed at higher current (~nA) levels.  For a given 
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charge, the magnitude of the extraction current determines the initial area of 
dendritic silver. Once the area of the silver is large enough, the current density 
falls to a level that can be supported by steady-state ion transport in the glass and 
silver growth continues as previously described. The nonequilbrium growth 
dynamics of silver that we have observed at the onset of extraction is similar to 
the fractal growth behavior discussed in the literature for tip induced 
electrochemical reduction and photonic reduction of silver. [56] 
 
2.5 Electrochemistry of the Direct Write Process 
 2.5.1 Faraday’s Law of Electrolysis and Extraction Efficiency 
As per Faraday’s law of electrolysis, the amount of silver ions that is 
electrochemically reduced to silver on the glass surface should be directly 
proportional to the amount of charge supplied at the tip. To test if the writing 
results are consistent with the notion of the writing process being electrochemical, 
different total charges (0.1 nC - 70 nC) were supplied to a stationary tip to 
produce discrete dots of silver. The charge supplied at the tip was controlled by 
adjusting the extraction current and extraction time. Figure 2.8 plots the volume 
of the extracted silver and the corresponding total charge (i.e. current*time) 
supplied to the tip. The linear dependency of   the volume of extracted silver on 
the supplied charge is consistent with Faraday’s law of electrolysis. The slope of 
the linear fit of the data represents the increase in the amount of silver extracted 
per unit  increase in the charge supplied at the tip and was used to calculate the 
Faradaic efficiency defined as the ratio of the actual increase in volume to the 





Figure 2.8. Volume of extracted charge for different charge supplies at the tip 
 
The equation to calculate Faradaic efficiency (𝜂) is as follows: 
												𝜂 = BCDE
BFG
          (2.1) 
𝑣I<J	is the actual volume of silver extracted  and  𝑣KL is the theoretical volume of 







       (2.2) 
Where,  
 Q =  Charge Supplied at the tip;  ρ = Bulk Density of silver; F= Faraday constant; 
z= valency number of silver ion, and MW = Molecular weight of silver.  
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Rearranging and then substituting for  𝑣KL   from  equation  (2.2), equation (2.1) 
can be rewritten as 





W            (2.3) 





Δ𝑄             (2.4) 
 











Q is the slope of the linear fit of the volume vs charge data in Figure 
2.8. Using equation (2.5), the efficiency of the process was found to be 98.8% 
which confirms that the extraction of silver is driven by electrochemical 
interaction alone at the interface. 
 
2.5.2 Activation Voltage for Direct Writing   
The electrochemical direct-write process exhibits a threshold voltage for initiating 
silver extraction. The phenomenon   is best observed when the current at the tip is 
switched from 0 pA (i.e. no extraction mode) to some negative (extraction mode) 
value. Figure 2.9(a) shows a 1 s, -500 pA square pulse of current input at the tip 
by the galvanostat and corresponding measured voltage. When the current 
supplied at the tip is changed from 0 pA to -500 pA to initiate silver extraction, 
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the voltage drop across the circuit is seen to reach around -0.375V (with some 
visible dynamics from the galvanostat’s control circuit) and then drop down to 0 
V as current is reduced to 0 pA.  
 
To determine the actual value of this threshold voltage,  an I-V curve of the AFM 
tip/(AgI)x –(AgPO3)(1-x) /Ag film was obtained by sweeping the potential of the tip 
from 0.5 V to -0.5V relative to the silver film at a rate of -10 mV/s [Figure 2.9(b) 
The experimental data was fit to the Butler –Volmer equation [equation (2.6)]. 
The agreement between the experiments and Butler-Volmer data suggests that the 
process is kinetically controlled in ±0.5 V.  The fitting constants are 𝑖.	 =






∗ = 1. 
 













The negative voltage regime (V<0) in the I-V data of Figure 2.9(b) represents the 
current-potential relationship for extraction  of silver at the tip. The experimental 
I-V data suggests that a potential ∆ E =0.371V is necessary at the tip to transfer 




Figure 2.9: (a) Voltage and current variation before, during and after extraction; The Y 
axis to the left corresponds to the current and the Y axis to the right correspond to voltage  
(b) I-V curve of the AFM tip/(AgI)x –(AgPO3)(1-x) /Ag film in the range of +0.5 V 
 
understanding is that the observed potential represents the energy (in eV) 
necessary to activate silver ion transport in (AgI)0.25 (AgPO3)0.75 glass, and the 
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value (i.e. 0.371 eV) is consistent with the activation energy data obtained 
experimentally by Bhattacharya et al.[53]. 
2.6 Process Characterization  
2.6.1 Writing Lines of Silver 
To extend the use of the electrochemical extraction process for writing patterns of 
silver, electrochemical extraction of silver is investigated with a moving tip while 
simultaneously supplying current through the electrochemical cell. Figure 2.10(a)- 
Figure 2.10(c) demonstrate the effects of  tip speed alone on the feature 
dimensions (i.e. width and height of the patterns). Figure 2.10(a) shows example 
patterns made at three different tip speeds while applying the same current (i.e. 5 
pA). Increasing the tip speed from 0.25 µm/sec to 1.8 µm/sec resulted in more 
uniform lines while decreasing line-width from 325 nm to 269 nm. Moving the tip 
at a slow tip speed produces irregularity in the pattern.  Increasing the tip speed 
resulted in patterns with more uniform line-widths.  Both the height and width 
were found to decrease with increasing tip speed in the range of 0.25 µm/sec to 
2.5 µm/sec for writing at 5 pA (Figure 2.10 (b) & (c)).   
 
Figure 2.10(d) shows the line patterns for writing at different currents while 
applying the same tip speed (i.e. 1 µm/sec). Writing at 10 pA resulted in a line 
(263.2 nm wide and 37.3 nm high) constituted of small grains of silver. The 
second and third image in Figure 2.10(d) show writing results with higher 
currents, where taller and wider lines (e.g. 71.3 nm high and 336.7 nm wide for 
150 pA) are composed of relatively large grains of silver. Figure 2.10(e) and 
Figure 2.10(f) shows the line width and height variation for current ranging from  
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Figure 2.10: Height and width control in continuous current writing (a) AFM images of 
line patterns made with different tip speeds at 5 pA. b) Width data with error bars  for 
different tip  speeds at 5 pA. (c) Height data with error bars  for different tip  speeds at 5 
pA. (d) AFM images of line patterns made with  different current at 1 µm/sec. (e) Width 
data with error bars  for different currents at 1 µm/sec. (f) Height data with error bars  for 
different currents at 1 µm/sec. 
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5 pA to 150 pA. Both height and width were found to increase with increasing 
current, which suggest that due to the dynamic glass-electrode interface of a 
moving tip, depletion does not limit the vertical growth within 150 pA. 
 
Our understanding from the overall investigation of continuous current is that the 
line dimensions (i.e. width and height) depend on the charge supplied per unit 
length of the line, and this parameter can be controlled either by adjusting the tip 
speed or the supplied current. The lower the charge supplied per unit length, the 
smaller are the height and width of the line written. For writing at fixed current, 
faster tip speeds produces narrow lines.  When the tip speed is fixed, narrow line-
width is achieved for writing at low currents. Both the approaches reduce the 
charge supplied per unit length during writing. However, for every constant 
current level, writing beyond a certain speed results in discontinuous lines of 
silver as the charge per unit length is no longer sufficient to extract at a rate 
required to form continuous lines of silver.  For our experimental observation of 
effect of tip speed at 5 pA (Figure 2.10(a)-(c)), this discontinuity in the lines of 
silver was observed at tip speeds faster than 2.5 µm/sec.  
 
2.6.2 Writing Dots of Silver 
Nano-patterns with discrete dots of silver were made by applying short (~ms) 
current pulses to a moving AFM tip. For a fixed tip speed, Figure 2.11 (a) shows 
the example dots produced at a spacing of 2 µm by moving the tip at 1µm/sec 
while applying 10 pA current with different pulse widths at a frequency of 0.5 Hz. 
Generally, the dots grow taller and wider as the pulse width is increased.  For the 
images shown, the width and height of the dots increased from 156.77 nm and 
12.1 nm to 395.3 nm and 19.2 nm as pulse width is changed from 75 ms to 200  
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Figure 2.11:  Height and width control in pulse current writing (a) AFM images of dot 
patterns made with different pulse widths at 10 pA. (b) Width data with error bars  for 
different pulse widths at 10  pA. (c) Height data with error bars  for different pulse widths 
at 10 pA. (d) AFM images of line patterns made with  different currents at a pulse width 
of 50 ms. (e) Width data with error bars  for different currents at a pulse width of 50 ms. 
(f) Height data with error bars for different currents at a pulse width of 50 ms. Pulsing 




ms (Figure 2.11 (b) and (c)).  When the pulse current applied was varied at the tip 
while maintaining a pulse width of 50 ms, the width and height of the dots varied 
from 126.2 nm and 15.35 nm to 232.8 nm and 25.8 nm respectively as current is 
increased from 5 pA to 100 pA (Figure 2.11(d)-(f)). Overall, writing at higher 
pulse currents produces wider and taller dots.  The increasing trend of the both 
height and width with both pulse width and pulse current is consistent with the 
observation of the line writing process; the charge supplied at the tip per unit 
length of travel is critical in controlling the size of the dots. Lowering either the 
pulse current or pulse duration reduces the charge thereby producing smaller dots. 
Increasing or decreasing the tip speed will allow further variation in the charge 
supplied per unit length and favor more control on the dot size.   
 
2.6.3 Direct Writing on Different Compositions of (AgI)x(AgPO3)(1-x) 
 
Figure 2.12(a)-(c) demonstrates how composition of the solid electrolyte can 
affect the line dimensions of extracted silver for writing at at different tip speeds. 
Figure 2.12(a) shows the AFM image of the lines of silver made on phosphate 
glass with x=0.125 and x=0.25. For both compositions, the results show that the 
line-widths are non-uniform at slow tip speed (i.e.125 nm/s). The phosphate glass 
with x= 0.25 as the substrate, being more conductive than the composition where 
x=0.125, allow more electrochemical extraction of silver on the glass surface, 
because of which the line pattern of silver at slow tip speed is more non-uniform 
on (AgI)0.25  (AgPO3)0.75 among the two samples. The slow speed of the tip also 
favors coalescence of the silver extracted by the moving tip and thus produces 
more irregularity in the patterns. Increasing the tip speed to 500 nm/s resulted in 
more uniform patterns with narrow line-width for both glass compositions. For 
phosphate glass with x= 0.125, increasing the tip speed from 125 nm/s to 500 
nm/s reduced the line-width of the pattern from 380.7 nm to 217.98 nm, whereas  
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Figure 2.12: (a) AFM height image of line patterns of silver at 10 pA for different tip 
speeds. Images on the left are for (AgI)x(AgPO3)(1-x) with x= 0.125 and images on the 
right are for (AgI)x(AgPO3)(1-x)  with x=0.25. (b)  Plot of width variation with tip speed 
for writing at 10 pA (c) plot of height variation with tip speed for writing at 10 pA. (d) 
AFM height image of line patterns of silver at 1 µm/s  for different tip current. Images on 
the left are for (AgI)x(AgPO3)(1-x) with x= 0.125 and images on the right are for 
(AgI)x(AgPO3)(1-x)  with x=0.25. (e)  Plot of width variation with tip current for writing at 





for phosphate glass with x= 0.25, increasing the tip speed from 125 nm/s to 500 
nm/s reduced the line-width of the pattern from 464.2 nm to 264.3 nm. For both 
compositions of phosphate glass studied in our work, Figure 2.12(b) and (c) show 
the variation of height and width measurements of the line patterns as the tip 
speed is changed from 125 nm/s to 3000 nm/s while applying 10 pA of current at 
the tip. The plots suggest that both height and width continues to decrease with 
increasing tip speed. 
 
Figure 2.12(d)-(f) investigates how different currents applied at the tip affect the 
line dimensions on different compositions of the electrolyte while the tip is moved 
at a constant speed (i.e. 1 µm/s).  The increase in line-width with increasing 
current at a fixed speed for a particular composition is visually evident in the 
AFM images of Figure 2.12(d) for both compositions studied (x=0.125 and 
x=0.25). Writing at 5 pA while moving the tip at 1 µm/s produces line-widths of 
147 nm and 259 nm on the surface of (AgI)0.125  (AgPO3)0.875  and  (AgI)0.25  
(AgPO3)0.75  respectively. However, as current is increased, charge applied at the 
tip per unit length also increases favoring extraction of higher volumes of silver. 
This in turn increases the width and height of the patterned features. For writing at 
100 pA, the line-width was 206.5 nm and 303.4 nm for (AgI)0.125  (AgPO3)0.875  
and  (AgI)0.25  ( AgPO3)0.75 respectively. Figure 2.12 (e) and (f) plot the measured 
width and height of the patterns for currents ranging from 5 pA to 100 pA. The 
general trend of the experimental data indicates that features grow taller and wider 






2.7 Demonstration of the Direct Writing Process 
To test the design flexibility and speed of the AFM direct writing process, a 
variety of geometric shapes were fabricated. Figure 2.13(a), and (b) shows 
patterns made in continuous constant current approach. The 30 µm wide and 40 
µm long logo for ‘University of Illinois’ in Figure 2.12(a), was made by writing 
lines at 5 pA while moving the tip at 2 µm/sec for only 127 seconds. The line-
width and height of the pattern are 634.2 nm and 4.7 nm respectively. The 20 µm 
× 20 µm square pattern made from silver lines in Figure 2.13(b), was generated 
by applying a constant current of 20 pA through the tip while moving at a speed 
of  2 µm/s. The lines are 24 nm high and 198 nm wide. Line dimensions in a 
nano-pattern can be varied by changing the magnitude of the current while a 
pattern is being made.  No additional writing step or post processing is necessary.  
 
Figure 2.14 demonstrates writing of a spiral nano-pattern with segments of 
different line dimensions. The applied current was set to 10 pA at the onset of 
writing, and then was switched to 20 pA at  70 seconds and 40 pA at 140 seconds 
of the writing stage.The average line width and height changed from 210 nm and 
27.669 nm to 219 nm and 53 nm when the current was increased from 10 pA to 20 
pA, and then to 267 nm and 59.079 nm when the current was increased to 40 pA. 
 
Figure 2.15(a) shows sequences of 17 nm high and 100 nm wide silver dots made 
by applying a pulse current of 3.5 pA for 50 ms at a frequency of 2 Hz while 
moving the tip through the desired pattern at 500 nm/sec. As the spacing between 
the dots can be controlled by changing the pulse frequency, line patterns can also 
be made by applying pulses at a higher frequency where each dot overlaps with 
the dot generated by the preceding pulse. Such an example is shown in Figure 
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2.15(b) where the 343 nm wide and 23.72 nm high line was generated by applying 
10 pA current for 100 ms with a pulsing frequency of 8 Hz. 
 
2.8 Writing Solid Patterns  
 
Our study of the growth mechanism of silver in the reported AFM direct write 
process shows that once silver is extracted between the tip and the glass surface, 
the silver line being patterned becomes the electrode to extract more silver while 
the tip works as a electrical contact to the silver electrode. While  making a solid 
shape by writing concentric line patterns, if the line pattern being written overlaps 
with existing line pattern, the entire combination becomes the electrode. This 
overlap of line patterns makes it difficult to control the geometry of the solid 
pattern to a desired shape and thickness; as the electrochemical reduction of silver 
ion to silver atom can now happen anywhere at the silver electrode, not only at the 
position of the moving tip.  Consequently, the sequence followed for writing the 
concentric line circles is important to control the shape and thickness uniformity 
of the final solid disk pattern.   
 
Figure 2.16 highlights the challenges of writing solid patterns using the 
electrochemical  direct write approach reported in this chapter. Figure 2.16(a) 
shows an attempt to fabricate a solid traingle of silver by writing several line 
patterns of triangles of different sizes. Patterning was sequentially conducted from 
the innermost triangle to the outermost triangle defining the boundary of the 
desired final solid pattern under the assumption that the written silver lines will 
overlap to fill in the void spaces kept between the lines in the CAD design and  
produce a solid triangle of silver.   Figure 2.16(b) shows a similar lithographic 
approach (i.e. writing concentric circles of silver) for patterning a solid circle o 
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Figure 2.13:  Patterns made with continuous current writing (a) University of Illinois logo 
made by applying 5 pA current for 127 seconds at a tip speed of 2 µm/sec under 
continuous current approach. (b) A 20 µm × 20 µm square made by applying 20 pA 
current for 480 seconds at a tip speed of 2 µm /sec under continuous current approach. 




Figure 2.14:  A spiral pattern of varying width and thickness made by changing the 
current from 10 pA to 20 pA and then to 40 pA after 70 sec and 140 sec of patterning 
under the continuous current approach. The total writing time was ~230 seconds. The 
number 1, 2 and 3  in the figure indicate the location at which the current was set to 10 
pA, 20 pA and 40 pA respectively as the tip was writing. The insets in the second column 
shows close up images of the location where the current is switched from 10 pA to 20 pA 
(top)  and  then 20 pA to 40 pA (bottom). (d) A solid disk of silver ( ~95 nm thick and 3.5 
µm in diameter) made by writing concentric circles of silver at 50 pA while moving the 





Figure 2.15: Patterns made in pulse current approach: (a) Discrete silver dots made by 
applying a pulse current of 3.5 pA for 50 ms at a frequency of  2 Hz while moving the tip 
and 0.5 µm/sec.  (b) Silver lines made by applying a pulse current of 10pA for 100 ms at 
a frequency of 8 Hz while moving the tip at 0.5 µm/sec. 
 
 
Figure 2.16: Challenges of making a solid pattern of a particular shape by writing 
overlapping line patterns of the shape.   (a) Top image shows a CAD drawing of triangles 
that was used as an input for the AFM lithography mode  for obtaining  a solid triangle of 
silver. Patterning was sequentially conducted from the innermost triangle to the outermost 
triangle defining the boundary of the desired final solid pattern. Image below shows the 
resulting pattern of silver obtained in this approach. (b) Image on the left shows a CAD 
drawing of concentric line circles that was used as an input file for lithography. Image on 
the right shows the patterns obtained in this approach  for  different current and speed 
combinations. The color bar indicates the height data of the features. 
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Figure 2.17: (a) Line writing technique for patterning a solid disk of silver.  The blue 
lines in the images indicate the path the AFM tip followed during each writing step. (b) 








silver using different current and speed combinations. Both the approaches 
(Figure 2.16(a) and (b))   resulted in solid patterns that do not resemble the 
desired shape and also posses siginificant nonuniformity in thickness.  
 
To be able to make a desired solid pattern of silver using the direct write method, 
focus was given to experimentally explore and determine  a sequential line 
writing scheme that minimizes overlap of the concentric patterns .  Figure 2.17(a) 
shows such a writing sequence for making a  solid disk pattern and the second 
row shows corresponding AFM image scans obtained using a conductive tip after 
each writing sequence. The concentric circles have  different diameters ranging 
from 3 µm to 0.25 µm and were written  in constant current mode by applying at 
50 pA while moving the tip at 1 µm /sec. First, circles are written  at a spacing 
such  that only the line patterns near the  center overlap (Step 1 in Figure 2.17). In 
the subsequent steps (Step 2 and Step 3), circles were written only in the exposed 
areas of (AgI)0.25  (AgPO3)0.75 between the line patterns of silver while making 
sure that  the area between  the outermost silver circle defining the boundary of 
the desired disk   and the adjacent circle is patterned in the final step (Step 4).  
Figure 2.17(b) shows the solid disk of silver ( ~95 nm thick and 3.5 µm in 
diameter) made in this approach. The color bars represent the height scale of the 
images. 
 
2.9 Erasing and Rewriting of Silver 
To erase silver from a patterned glass surface, the topology of the surface is 
scanned in contact mode while applying a positive voltage at the AFM tip. As the 
AFM probe comes in contact with the silver feature, the positive voltage causes 
electrochemical oxidation of silver to silver ions that re-dissolve back  into the 
glass. As the oxidation process depends on the tip electrode being in contact with 
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silver, the smallest possible area enclosing the feature to be removed should be 
selected for effective erasing as it maximizes the duration for which the tip is in 
contact with silver on the surface during the AFM scan. The erasing capability 
allows the AFM direct write process  to  immediately correct for  mistakes after  a 
pattern is made. For example, The leftt image in the top row of Figure 2.18 shows 
a square enclosure made by applying 30 pA current at 0.5 µm/sec of tip speed. 
The  silver feature shown inside the enclosure is a patterning mistake that needs to 
be erased. Experimentally, this was accomplished by conducting AFM scans in 
contact mode while applying 0.6 V at the AFM tip. The first erase scan was 
performed selecting the smallest square enclosing the feature as the scan area. 
 
After the first erase scan, two isolated regions of remaining silver residues  were 
found on the surface. The residue was then completely removed by performing 
two separate small area scans on both of the regions.  
 
Figure 2.19 demonstrates erasing of large silver patterns using the same approach 
as outlined above, and then rewriting of a different pattern on the same region. 
Figure 2.19(a) shows a line pattern made in 44.4 s by applying 20 pA current at 2 
µm/sec of tip speed. The height and width of the line is   36 nm and    521 nm. 
The number ‘7’ in the rightmost of the pattern was  
then erased by first scanning an area of scanning 10 µm × 10 µm area enclosing 
the pattern ‘7’ only while applying a positive bias voltage of 0.6 V at the tip. 
Complete removal of the pattern was then achieved by subsequent erase scans 
over smaller areas with remaining silver 
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Figure 2.18: Demonstration of erasing: The top row shows AFM image of a pattern 
before and after completion of erasing. A square enclosure with a dot inside (left) is made 
by applying 30 pA current at a tip speed of 0.5 µm/sec under continuous current 
approach. AFM scan of the same surface after  erasing the dot (right) by scanning in 
contact mode while applying 0.6 V at the tip. The bottom row depicts progression of the 
erasing process. The image at the left shows the selected scan area enclosing only the 
silver feature that needs to be erased. The middle image shows the same surface with two 
regions of silver residue on the surface after the first erase scan. Two separate erase scans 
were then performed by selecting the area enclosing each of the regions.  The rightmost 
image shows the surface of the top region with silver residue after the erase scan. 
 
residue (Figure 2.19(b)). Once silver is erased from the surface, the area becomes 
immediately available for writing. Figure 2.19(c) shows the  number ‘0’ rewritten 
over the same area just after completion of  erasing . The height and width of the 




Figure 2.19: AFM contact mode height images after writing, erasing and then rewriting 
silver. (a) 36 nm high and   521 nm wide line patterns made applying 20 pA current at 2 
µm/sec tip speed. (b)  AFM image of the entire pattern after completing erase scans on a 
10 µm × 10 µm area of the pattern (c)  AFM image of the entire pattern after rewriting a 




2.10  Fabrication of Nanochannels 
PDMS, being a flexible and disposable, is a well suited material for making 
micro/nanofluidic devices that analyze biological and chemical samples as 
repeatable use of the same device is not recommended in these applications to 
prevent contamination. While micro-channels can be made by curing PDMS 
around a Si master mold prepared using a standard photolithographic process, 
fabrication schemes to make PDMS nano-channels involve fabricating a master 
mold using conventional nanofabrication methods (i.e. EBL, FIB or NIL) and 
then curing PDMS around the patterned mold.  Consequently, fabrication of  a   
micro/nano-fluidic device requires the  micro channels and nano- channels to be 
fabricated in separate steps, and incorporates the limitations of the 
nanofabrication processes as discussed earlier in Chapter 1. 
 
In the current controlled AFM direct writing process, the ability to adjust current 
while patterning allows the fabrication of  a linear pattern with segments of 
different line dimension in a single step. Therefore, if replica molding of PDMS is 
possible using   a patterned phosphate glass as a mold, the technique can be 
utilized to implement single step fabrication of a complex network comprising 
both micro and nano-channels of various heights. 
 
Figure 2.20(a)-(c) outlines the fabrication scheme for integrating PDMS 
micronchannel to nanochannels using this technique. During the writing stage, the 
two vertical lines were drawn by applying 1 nA current while moving the tip at 1 
µm/s. The lines are 1 µm wide and 150 nm high. Then 7 horizontal lines were 
then printed by applying 30 pA while moving the tip at 1 µ m/s. The lines are 25 
nm high and 220 nm wide. Figure 2.20(d) shows an AFM scan of the silver 
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pattern on (AgI)x(AgPO3)(1-x). Figure 2.20(e) shows an image of the replicated 
PDMS substrate, where two vertical nano-channels of ~1 µ m in width and ~150  
 
Figure 2.20:  Replica molding of PDMS channels: (a)-(c) Schematic drawings of AFM 
writing on glass to create the desired mold; (b) Curing PDMS on top of the patterned 
glass; (c) Releasing PDMS from glass (d) Pattern of Silver made on (AgI)x (AgPO3)(1- 
x), The zoomed in image of the area enclosed in the rectangular box shows seven small 
horizontal lines connecting two vertical lines. The small horizontal lines are 25 nm high 
and 220 nm wide, and the vertical lines are ~1 µm in width and ~150 nm in height. (e). 




Table 2.1 Comparison of EBL and FIB lithography with the Solid State Direct Writing 







nm in height are connected via seven smaller nano-channels that are ~220 nm 
wide and ~25 nm deep.  
 
2.11 Conclusion  
In this chapter, we demonstrated a solid state electrochemical direct writing of 
silver on a superionic solid subsrtate that is both low cost and relatively fast 
compared to conventional direct write methods (e.g. Ebeam\FIB lithography). 
This technique allows  a user to simply load a computer aided design (CAD) 
design of desired nano-pattern, make the nanostructures in minutes and 
immediately inspect and modify the fabricated features if necessary. Real time 
height, width or length modification can be achieved while making line-based 
nano-structures. The patterns made by the process can be immediately erased to 
correct for patterning mistakes or make new patterns. The process works in 
ambient condition and electrochemical charge transfer at the electrode is the only 
mechanism contributing to the patterning process (i.e. 98.8% extraction 
efficiency). Once electrochemical writing is initiated with an AFM tip, growth of 
the extracted silver takes place in a bottom-up approach, where each extracted 
layer works as an electrode to draw the next layer of silver from the glass surface. 
The energy change necessary to initiate electrochemical writing process is due to 
the activation energy required for silver ion transport within the glass substrate. 
The written patterns can be replicated in a PDMS nanochannels. With a reduced 
tip size, extended experimental capabilities in terms of electronics can allow 
writing at shorter pulses and lower constant current, which may enhance 
resolution (i.e. feature-width below 100 nm) of the process  for writing with a 
moving tip. A comparison of the writing technique reported in this chapter with e-
beam lithography and focus ion beam lithography is provided in table 2.1. 
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In addition to improving line width resolution achievable by this process, future 
work includes exploring other ion condutive substrates with room temperature 
conductiviy similar to (AgI)0.25 (AgPO3)0.75 and transferring the written patterns 
from the surface of the ion conductor to other substrates, such that the process can 





Chapter 3: Solid State Direct  Writing of Copper  
Nanostructures using Conductive AFM probe 
 
3.1 Background 
Among the candidate materials ((gold, silver or copper) for metal 
micro/nanostructured devices, copper is of considerable interest due to its 
significantly low cost compared to gold and silver, low bulk resistivity and good 
thermal stability. Compatibility of copper nanostructures as catalysts, antibacterial 
materials, plasmonic sensors and transparent electrodes in solar cells and flexible 
electronic devices is also reported in the literature [7-10]. 
 
To address the need for a liquid free, mask-less and single-step fabrication 
approach for nano-patterning copper in particular, here we report an AFM probe-
based direct writing process for making a copper pattern with line-widths in the 
~200 nm range on a copper based super-ionic (CuI)x-(CuPO3 )(1-x)  glass substrate. 
By negatively biasing an AFM probe that is in contact with the surface of the 
glass, copper ions inside the ion conductor is electrochemically reduced to 
metallic copper on the surface of (CuI)x-(CuPO3 )(1-x). The ion conductive 
component in (CuI)x-(CuPO3)(1-x) glass is monovalent cuprous ion (Cu+ ), and the 
ionic conductivity of the material can be tuned either by changing the mole 
fraction (x) of CuI or the temperature of the  material. (CuI)0.3-(CuPO3 )0.7 was 
chosen for direct writing as the room temperature ionic conductivity [ ~ and 10-4 
Ω-1cm-1] of the material is high at this composition and allows patterning of 
copper under ambient temperature [26]. The working temperature range (i.e. 
difference between the crystallization and glass transition temperature) of the 
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material also provides additional flexibility in preparing glass substrates for 
writing. [57] 
 
3.2 Methodology  
3.2.1 Synthesis and XRD Characterization of (CuI) x -(CuPO3)(1-x) Glass 
 As the oxidation state of copper is monovalent (Cu+ ) in (CuI)x-(CuPO3 )(1-x), the 
synthesis of (CuI)x-(CuPO3)(1-x) glass requires an oxygen free environment so that 
the reagents with Cu+  ions are not spontaneously oxidized to the divalent state 
(Cu2+)  during the preparation of the glass.   
 
The reagents used for synthesizing the glass are copper (I) iodide,  (CuI 
Puratronic®, 99.998% (metals basis) from Alfa Aeser), copper (I) oxide(Cu2O , 
≥99.99% trace metals basis, anhydrous from Sigma Aldrich) and P2O5 
(ReagentPlus®, 99% from Sigma Aldrich). Both CuI and Cu2O containers were 
received as packed under argon atmosphere and opened directly inside a glove 
box under argon atmosphere. The P2O5 container was opened and put under the 
vacuum in the sample loading unit of the glove box overnight prior to loading into 
the main glove box compartment. 
 
The particular order at which reagents are added to the ampoule during loading is 
also important to prevent pre-fusion disproportionation (oxidation and reduction 
of Cu+ to Cu2+ and metallic copper respectively) of Cu+ ions in the mixture.  The 
disproportionation reaction of copper is favored in aqueous solution. As P2O5 is 
hygroscopic, Cu+ may locally disproportionate to Cu2+   and Cu in the presence of 
moisture if all the reagents were mixed together.  
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To ensure the stability of Cu+ in the mixture, first, P2O5 and then a ground mixture 
of CuI and Cu2O are loaded into a quartz ampoule (Figure 1(a)) under the argon 
atmosphere of the glove blox. The ampoule is vacuumed, sealed and heated to 650 
C. P2O5, melts first while not being completely in contact with the other two 
reagents, releasing any moisture in the form of steam. The CuI and Cu2O also 
release any residual water as steam and slowly incorporate into the P2O5 layer. 
After 30 minutes of heating at 650 C, the melt is quenched in ice water and then 
annealed at 80 C for an hour to relieve internal stresses. While the (CuI)0.3-
(CuPO3)0.7 glass prepared in this approach is colored dark amber (Figure 1(b)), 
clear or light colored (CuI)x-(CuPO3 )(1-x)  glass are also reported to be made by 
changing the P2O5, CuI and Cu2O contents in the mixture.  
 
To verify if the synthesized (CuI)0.3-(CuPO3)0.7 is a glass, an X-ray diffraction 
analysis was performed on the material using a Siemens-Bruker D5000 X-ray 
diffractometer with Cu Kα radiation to check if any crystalline phase is present in 
the material. The absence of any sharp Bragg peaks in the Xray diffraction pattern 
(Figure 1(c)) confirms that the material is completely amorphous in nature and 





Figure 3.1: Synthesis of (CuI)x-(CuPO3 )(1-x) glass: (a) Quartz ampoule after loading the 
reagents. (b)  Dark amber Colored (CuI)0.3-(CuPO3)0.7 glass after annealing. (c) XRD 
analysis on (CuI)0.3-(CuPO3)0.7 to verify the amorphous nature of the material 
 
3.2.2 Experimentation for Direct Writing  
To prepare a flat substrate of the phosphate glass for writing, a piece of the glass 
substrate is placed between two silicon wafers that are separated by 1 mm thick 
spacers. (CuI)0.3-(CuPO3)0.7 has a glass transition temperature of 108 C and 
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crystallization temperature of 190 C. Therefore, to maintain the amorphous nature 
of the glass, the assembly is heated in a temperature controlled oven at 150 C for 
24 hrs. This prolonged heating above the glass transition temperature (i.e. 108 C) 
of (CuI)0.3-(CuPO3)0.7   softens the glass at the silicon-glass interface. A weight 
was placed on the entire assembly to press the top silicon wafer during heating so 
that the glass surface at the silicon- glass interface flattens against the silicon 
wafer as it softens. Once cooled, the silicon wafers can be spontaneously 
delaminated from the glass. XRD analysis of the glass sample prepared in this 
method did not show any peak for crystalline phase and looks similar to the XRD 
pattern shown in Figure 1(c).  A 50 nm thick copper film is then deposited on one 
side of the glass using E-beam evaporation. 
 
 
Figure 3.2: (CuI)0.3-(CuPO3)0.7   glass substrate preparation for AFM writing are  shown 
in steps 1 through 5  
 
Figure 3. 2(a) shows the schematic of the electrochemical direct writing setup. A 
Cr/Pt coated conductive AFM tip (25 nm radius at the apex of the tip, resonant 
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frequency 75 kHz and stiffness of 3 N/m) from Budget Sensor) was used for 
writing. To form an electrochemical cell, the AFM probe was connected to the 
potentiostat/glavanostat as the working electrode, and the copper film on the 
backside of the glass was connected as the counter electrode. 
 
The glass substrate with copper deposited at the back is then mounted in an AFM 
(Asylum MFP-3D), so that the exposed top surface can be brought in contact with 
the AFM probe. 
 
 
Figure 3.3: Experimental configuration for direct writing 
A Gamry Instruments™ Reference 600 Potentiostat/Galvanostat/ZRA was used 
for supplying voltage/current signals at the tip for electrochemical writing. An 
Asylum MFP-3D AFM system was used for position control and image analysis 
of the substrate. The AFM system was placed inside a Faraday cage. Electrical 
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connections from the galvanostat to the AFM were also shielded to prevent 
electromagnetic interference from the surroundings.  
 
To determine the background current noise from the electronics of the 
experimental setup, the galvanostat was instructed to apply a zero current signal 
to the AFM tip scanning the surface in contact mode. The actual current through 
the tip was noted from the measured current signal of the galvanostat. To 
minimize the effect of background signals on writing, the current applied at the tip 
was offset by this measured current.  
 
Before patterning, the surface of the glass was scanned using the conductive tip to 
ensure that no additional phenomena are changing the topology of the surface. A 
zero bias was maintained across the Cr/Pt coated AFM tip/(CuI)x-(CuPO3)(1-x)/Cu  
electrochemical cell during this imaging to avoid any electrochemically induced  
change of the glass surface. A graphic data system (GDS) file of the desired 
pattern can be imported into the Asylum MFP3D lithography package, so that the 
AFM sample can be moved in a desired path relative to the AFM tip in contact 
during the electrochemical writing stage. The patterned features were later 
scanned in tapping mode using a super sharp silicon tip with a 2 nm radius at the 
apex (resonant frequency 330 kHz and stiffness 42 N/m from nano-sensors). The 
reported line-width and height measurements of the copper lines  are averaged 
over the measured dimensions of 10 different cross sections of the same line 






3.3 Electrochemical Extraction on the Surface of (CuI)0.3-(CuPO3 )0.7 Glass 
To determine if any electrochemical interaction is present at the tip- (CuI)0.3-
(CuPO3 )0.7 glass interface when the tip is at a cathodic potential relative to the Cu 
film counter electrode, the potential at the tip was swept from 0 to -4 V at a rate of 
-50 mV/seconds relative to the counter copper film electrode. 
 
The graph in the first row of Figure 3.4 shows the current response of the 
electrochemical cell for the potential sweep. A nonlinear increase in current was 
observed at ∆E = -2.55 V indicating the onset of the electrochemical reduction 
reaction. Our initial understanding is that a very thin layer of copper oxide is 
formed on the surface under ambient conditions; and  this high threshold voltage 
corresponds to the energy necessary to overcome the insulating barrier provided 
by the oxide film and electrochemically extract copper ions to metallic copper on 
the surface.  As the potential sweep is continued to higher cathodic potential, 
current continue to increase suggesting further enhancement of the reduction 
reaction at the tip electrode. 
 
The progression of the electrochemical reaction under the AFM tip during the 
potential sweep was visualized using an optical microscope and recorded with a 
camera. The micrographs in Figure 3.4 show top-views at different time steps of 
the AFM tip contacting the glass surface in a stationary mode during the potential 
sweep. The first figure shows the image obtained 1 second after the onset of the 
reaction. At this stage, the copper extracted below the tip is not noticeable in the 
image as the view of the area near the AFM probe is obstructed by the AFM 
cantilever. However, as the reduction reaction progressed further with increasing 
potential sweep, the electrochemical extraction expanded on the glass surface and 
is clearly visible in the image obtained after 3 seconds. As the potential sweep 
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experiment continued over a longer time period, the extraction expands on the 
surface in a dendritic manner (third and fourth image of the second row).  
 
 
Figure 3.4: Demonstration of electrochemical extraction on (CuI)0.3 – (CuPO3)0.7 glass . 
The graph above shows the voltage current response of the curve of the AFM tip/(CuI)0.3 
– (CuPO3)0.7/Cu film in the range of 0 V to -4 V. The micrographs show images from the 
camera recording of the electrochemically extracted dendrite progressing on the surface 
of (CuI)0.3 – (CuPO3)0.7. 
 
Energy dispersive X- ray spectroscopy (EDS) was then conducted on the sample 
to identify the chemical composition of the dendrite. Figure 3.5(a) shows the 
scanning electron microscope image of the dendrite on the glass surface. The 
green rectangular box highlights the area where the EDS analysis was performed 
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on the dendrite. The EDS analysis [Figure 3.5(b)] confirms that the 
electrochemically extracted dendrite is 100% copper. The spectrum also shows 
weak signals for carbon and oxygen, which is common in any EDS analysis due 
to contamination of the SEM chamber from the interaction between the E-beam, 
the sample and the remaining environment even under high vacuum conditions. 
An EDS analysis was also conducted on the glass surface to verify the chemical 
composition of the glass. The blue rectangular box highlighted in Figure 3.5(a) 
shows the area on the glass surface where EDS was performed. The EDS 
spectrum [Figure 3.5(c)] on the glass shows signature peaks for copper, iodine 
and phosphorous on the surface of the glass. The atomic percentage data obtained 
for these elements from the EDS [tabulated as an inset in Figure 4 (c)] confirm 
that the composition of the glass is (CuI)0.3-(CuPO3 )0.7. The results presented in 
Figure 3.4 and Figure 3.5 validate that by applying a negative potential at the 
AFM tip relative to a Cu counter electrode, copper can be electrochemically 
extracted from ion-conductive (CuI)0.3-(CuPO3 )0.7  glass.  
 
Figure 3.5: Characterization of the electrochemically extracted dendrite on (CuI)0.3 
(CuPO3)0.7. (a) SEM image of the dendrite formed on (CuI)0.3 (CuPO3)0.7.  (b) EDS scan 





3.4 Localization of the Electrochemical Extraction Process  
Our experimental results from the experiments of silver writing on ion conductive 
AgI-AgPO3 suggest that dendritic growth of the electrochemically extracted 
feature on the ion conductive surface occurs by the unavailability of sufficient 
ions to maintain electrochemical charge balance at the tip-glass interface [26].  
Given that glass immediately beneath the electrode is depleted of mobile ions, 
dendritic growth of the electrochemically extracted material along the glass 
surface is favored in an attempt to access more mobile ions in the remaining bulk 
of the glass. However, to implement the direct write approach, a localized and 
controllable extraction of copper is desired at the tip-glass interface. Therefore, a 
low (i.e.~pico-ampere) level current controlled approach was adopted to control 
the rate at which charge is transferred at the tip-glass interface for electrochemical 
extraction of copper. The amount of charge (i.e. current*time) supplied 
determines the amount of copper ions that will be reduced to copper at the tip-
glass interface. Figure 3.6(a) and Figure 3.6(b) show AFM height images of 
copper features extracted locally below a stationary AFM tip by applying 25 pA 
current for 10 seconds and 50 seconds respectively. After 10 s of extraction, the 
height and width of copper were 150 nm and 551 nm. Both height and width were 
found to increase for extraction at 25 pA for 50 seconds as supplying more charge 
at the tip increased the amount of electrochemically extracted copper. After 50 
seconds of extraction, the height and width of copper were 287 nm and 1011 nm. 
The results suggest that electrochemical extraction of copper is localized at a low 
level (i.e.~pico-ampere) current controlled approach. Once extracted, the copper 
feature evolves both laterally and vertically as electrochemical extraction is 











Figure 3.6. Growth of Cu feature with time for extraction at 25 pA for (a) 10 seconds; and 
(b) 50 seconds 
 
3.5 Implementation of the Direct Write Approach 
To extend the use of the electrochemical extraction process for writing line 
patterns of copper, electrochemical extraction of copper was attempted with a 
moving tip while continuously supplying current through the electrochemical cell. 
For extraction with a moving tip, the amount of charge supplied per unit length 
determines the amount of copper ions that will be reduced to copper per unit 
length on the surface as the tip travels along a desired path on the surface of the 
glass. In the line writing approach, this charge per unit length (i.e. ratio of current 
to speed) can be varied either by adjusting the tip current or the tip speed. 
 
Figure 3.7(a) –Figure 3.7(c) shows line patterns of copper made by applying 
different currents at a speed of 1 µm/s. The word ‘UIUC’ was patterned by 
applying a 35 pA current while moving the tip at 1 µm/s (Figure 3.7(a)). The 
pattern is written over a 5 µm × 15 µm area on the surface of (CuI)0.3 ( CuPO3)0.7, 




The word ‘NANO’ was patterned applying a 25 pA current while moving the tip 
at 1 µm/s (Figure 3.7(b)). The pattern is written over a 6 µm × 25 µm area on the 
surface of (CuI)0.3 (CuPO3)0.7, and the copper line is 306 nm wide and 43.7 nm 
high. The total writing time was 102 seconds.  
 
The word ‘COPPER’ was patterned applying a 25 pA current while moving the 
tip at 1 µm/s (Figure 3.7(c)). The pattern is written over a 5.5 µm × 30 µm area on 
the surface of (CuI)0.3( CuPO3)0.7, and the copper line is 230 nm wide and 20 nm 
high. The total writing time was 136 seconds.  
 
 
Figure 3.7. Line Patterns of Copper  on (CuI)0.3 ( CuPO3)0.7 : (a). AFM height image the 
word ‘UIUC’ Made at 35 pA current with a tip speed of 1 µm/s; (b). AFM height image 
of the word ‘NANO’ made at 25 pA current with a tip speed of 1 µm/s;  (c). AFM height 
image of the word ‘COPPER’ made by applying 25 pA current while moving the tip at 1 
µm/s; (d). AFM height image of the University of Illinois Logo made at 25 pA current 
with a tip speed of 2 µm/s. 
 
The ability to adjust tip speed for writing also reduces writing time for making 
complex nano-patterns over larger areas. Figure 3.7(d) shows a ‘University of 
Illinois” logo patterned over a 26 µm × 24 µm area at 25 pA while moving the tip 
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at 2 µm/s. As the area of patterning is larger than the areas for patterns in Figure 
3.7(a)- 3.7(c), a faster tip speed was chosen in this case to reduce the writing time. 
The line pattern has a line width of 234.2 nm and height of 13.4 nm. The pattern 
was made on the surface of the glass in 152 seconds. 
 
The non-uniformity that can be observed in the line patterns of copper is similar 
to the non-uniformity we observed for writing silver lines on a (AgI)0.25-
(AgPO3)0.75 glass using the same electrochemical direct writing approach [25,26]. 
In these papers, we have shown that the uniformity of the line patterns obtainable 
by this direct writing approach can be improved by exploring the effects of   
different writing parameters (i.e. extraction current, tip speed, and material 
composition) to identify the optimum writing conditions. A future goal in this 




This chapter presents an AFM based direct write fabrication technique with 
accurate position and size control that is used to fabricate nanostructured copper 
patterns on a solid state super-ionic conductor that has tunable conductivity. 
Electrochemical extraction of dendritic copper on superionic (CuI)0.3-(CuPO3)0.7 
was demonstrated by applying negative bias at the tip, and then performing 
chemical identification on the dendrite using energy dispersive spectroscopy 
technique. Controlled and localized electrochemical extraction of copper was then 
achieved by implementing a ~pA level current controlled approach with a 
stationary tip. Further, fast nano-patterning of copper was then demonstrated by 
applying different extraction currents while moving the tip at different speeds. 
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In the tip based writing experiments of silver and copper  on silver and copper 
based phosphate glasses, we observed dendritic growth of the metal  on the 
surface of glass for different current and voltage applied at the tip [chapter 2 and 
chapter 3]. Our understanding is that the dendritic growth of electrochemically 
extracted features on the ion conductive surface occurs by the unavailability of 
sufficient ions to maintain electrochemical charge balance at the tip-glass 
interface for an applied current at the tip. Controlled patterning requires to work at 
a regime (current and voltage to be applied) that can prevent the dendritic growth.  
As this deficiency of ions near the tip for a given current is dependent on the 
carrier ion concentration and ion transport of the solid ion conductor, the 
operating regime for patterning is likely to be different for different solid ion 
conductors or different compositions of the same ion conductor 
(e.g.(AgI)0.5(AgPO3)0.5 and (AgI)0.25(AgPO3)0.75.  
 
To better understand the underlying dynamics of the growth process of the 
extracted metal on the surface of the glass, the work reported in this chapter aims 
to simulate the electrochemical extraction process with the aid of diffusion limited 
aggregation model (DLA) under some modified conditions. If, given the 
properties of a solid ion conductor (ion mobility, carrier ion concentration etc.), it 
is possible predict the current and time scale can be determined for the extraction 
that will be non-dendritic; the simulation approach can save the time and rigor 
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associated with experimentally exploring different solid ion conductors for 
patterning the metal of interest. 
 
4.2 Modeling Approach 
The main concept of the DLA model is that diffusion is the rate limiting step in 
the process of particle aggregation. [58] In the basic framework of a DLA model, 
the growth process is initiated with a seed particle located at the origin of a 
coordinate system (i.e. nucleation center). A second particle is then introduced at a 
large distance from the seed. This second particle walks randomly until it reaches 
a site adjacent to the seed and sticks irreversibly. A third particle is now 
introduced that also walks randomly until it sticks to the two-particle cluster. As 
this process repeats with more particles approaching the cluster, the cluster 
continues to grow larger. One key assumption of the basic DLA process is that the 
particles always stick together when they meet (i.e. sticking probability ~1). As a 
result, an incoming random walker is more likely to attach to an exposed end of 
the growing cluster than to penetrate deeply into other perimeter sites. This results 
in the formation of highly branched and fractal structures in the DLA process.  
 
To model the tip based electrochemical extraction process adopting the DLA 
model, the silver nucleus formed beneath the tip immediately after a negative 
current is applied can be regarded as the initial seed particle at the origin. The 
mobile silver ions moving via random hopping mechanism  in the AgI-AgPO3 
glass can be considered as the particles walking towards the seed.  
 
Motion of the ions within the electrolyte is governed by two major competing 
processes. [59] One is the presence of Brownian motion of the ions and molecules 
in the solution at room temperature and the other one is the movement of ions 
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towards the tip electrode due to electrostatic attraction. As the metal ions move 
towards the cathode in an ion conducting medium, they undergo collisions with 
other ions and molecules that results in change in direction and magnitude of 
motion of the ions. In other words, in the presence of an electric field, the ions in 
an ion conductor experience a directional motion towards the cathode due to 
electrostatic attraction. However, the motion of the ions is also distracted due to 
the random Brownian motion of the rest of the molecules in the electrolyte. This 
random motion may have any direction, not necessarily toward the cathode.  
 
Consequently, the resultant motion of an ion is a super imposition of the two 
components described above, and depending on the relative magnitude of the 
directional motion and random motion, the net movement of an ion can be either  
random or directional. During this travel, when a randomly wandering or 
directionally moving ion reaches a metallic deposit already attached to the 
cathode, electrochemical reduction cause the ion to stick there as metal and 
become part of the growth.  
 
The electrochemical reduction of silver ions to silver as it approaches the silver 
electrode at the tip side of the electrochemical cell is analogous to the sticking of 
a particle to a growing cluster in the DLA process. For extraction under high 
applied current (~nA) at the tip, the demand for silver ions to support the desired 
current can not be met by the local concentration of silver ions at the tip-glass 
interface. As a result, any silver ion approaching the edge of the growing silver 
cluster gets reduced to silver (i.e. sticking probability is ~1) before penetrating to 
the center in an attempt to achieve equilibrium charge transfer. This leads to the 
formation of dendritic silver in the extraction process. However, once the area of 
the dendritic silver is large enough such that ions in the glass have a larger area of 
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electrode to reach to maintain steady state charge transfer, more silver ions than 
necessary are available for electrochemical reduction at the electrode-glass 
interface. At this stage, the growth process will no longer be diffusion limited.  
The probability for an ion to electrochemically reduce to silver (i.e. sticking 
probability) becomes less than 1; Ag+ ions moving towards the electrode will 
approach a number of perimeter sites in the silver cluster before finally reducing 
to silver. This allows the ions to access deeply into sites near the center of the 
cluster and leads to the formation of a more compact silver feature as extraction is 
continued over longer a longer time period. The assumption that sticking 
probability can be less than 1 is an important modification to the basic DLA 
model and allows investigation of growth dynamics in electrochemical processes 
where both diffusion and faradaic reaction may dictate the particle aggregation 
process. This modified growth model is known as reaction limited aggregation 
(RLA). [61] 
 
In previous literature, to simulate the dendritic growth of metals in an electro-
deposition processes, Voss et al. incorporated both DLA and RLA processes into 
their simulation model by correlating the sticking probability to a set of electro-
chemical parameters (i.e. over-potential, limiting current, exchange current, 
concentration etc.). [61] Depending on the values chosen for these parameters to 
simulate the electro-deposition process, the model can estimate if the rate limiting 
step is diffusion controlled (i.e. sticking probability ~1) or reaction controlled (i.e. 
sticking probability <<1), and predict the fractal nature of the metal 
electrodeposits. The model proposed by the authors did not include  the effect of 
electrostatic field on the  ion transport, and only offers a  qualitative comparison 
with the experimental data. To understand the shape evolution of silver structures 
in a tip induced electrochemical processes, Yang et al. used fractal dimensional 
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analysis on experimentally obtained Ag structures and classified the non-
equilibrium silver growth on a super-ionic AgI-Al2O3-AgPO3 glass under different 
experimental conditions.[56] By measuring the fractal dimension from the 
topographic image of the silver structures produced under different bias and pulse 
durations, the authors were able to define regimes of experimental parameters (i.e. 
bias amplitude and duration) where the growth is reaction limited or diffusion 
limited. Study of the change in the fractal dimension of features obtained at 
different time steps under the same bias or under different biases at the same time 
step also enabled understanding of the fractal shape evolution of the formed Ag 
structures. The experimental evidence reported in the paper suggest that the silver 
growth-limiting step at the tip changes from reaction limited to diffusion with 
limited with the increase in the applied bias and pulse duration.  While the fractal 
dimensional analysis can provide useful insights on the dynamics of a controlled 
tip induced electrochemical extraction, the approach is not useful to have 
knowledge on the growth process prior to doing any experiments. As a result, the 
efficacy of this method for an extensive understanding of the electrochemical 
extraction process is limited by the number of experiments that can be realistically 
performed. To understand the growth phenomena in tip induced electrochemical 
extraction on a wide range of ion conductive solid eletrolytes, a simulation model 
that incorporates both RLA and DLA growth schemes and correlates the growth 
parameters to properties of the electrolytes (e.g. ionic mobility, ion 
concentrations, etc.)  as well as experimental control parameters (extraction 
current, time) is necessary.  
 
Current research efforts include building a DLA based growth model utilizing the 
insights acquired from the silver writing process with the AFM tip (chapter 2), 
and then generalizing the model to be able to investigate the fractal growth 
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behavior on the surface of (AgI)0.25(AgPO3)0.75. Once such modeling is 
performed,  fractal dimensional analysis can be used to compare and validate the 
simulated aggregation with experimentally observed growth of silver. The next 
section discusses the simulation approach being followed to model growth of 
silver in the tip based extraction process and calculates the fractal dimension for 
experimentally obtained aggregates of silver. 
 
4.3 Matlab Simulation of the Growth Process 
To simulate the silver aggregation process in tip based electrochemical extraction, 
a two dimensional square domain is considered for analysis in MATLAB with a 
fixed number of ions, N, randomly distributed in the domain. The center of the 
lattice was assumed to be the position of the stationary AFM tip as well as the 
location of the seed particle. The  simulation only considers transport of ions to 
the tip  from the surface of the glass, not from the bulk material. Based on the 
concentration of mobile silver ions in (AgI)0.2(AgPO3)0.8 glass [62], a 100 C 100 
pixel domain with N = 2500 was chosen to model ion transport in a 20 nm thick, 
1 µm C 1 µm area around the tip-glass interface. The electric field distribution in 
the domain was assumed to be positioned at the center of the lattice, and a seed 
particle was therefore placed at the center. The electric field distribution in the 
domain is initially solved by assuming a constant non-zero negative voltage at the 
tip position and 0 V at the boundaries of the domain.  
 
Movement of the ions in the domain was calculated by considering a 
superposition of directional motion of the ions towards the tip due to drift velocity 
and random walk due to Brownian motion. To capture the effect of both random 




Figure 4.1: Matlab simulation for eletric field and particle distirubution for 
electrochemical extraction at 1V. The domain considers a 1 µm ×1 µm square lattice with 
2500 silver ions. (a) Electric potential distribution at the beginning of silmulation (t = 0 
seconds). (b) Particle distrubution at the beginning of silmulation (t = 0 seconds). (c) 





chosen (e.g. 20 nanoseconds) such that contribution of  both eletric field and 
random walk on ion transport can be considered in the domain for simulation. If 
(x(t), y(t)) represents the position of a silver ion in the domain at any given time t, 
then x(t) and y(t) can be written as  
                         𝑥	(𝑡) = (𝜇	()∅(+,-,./.0)
)+
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Where D and 𝜇 represent mass diffusivity and ionic mobility of silver ion in the  
(AgI)0.25(AgPO3)0.75 glass respectively. The first term and the second term in the 
right hand side of equation (4.1) and (4.2) represent displacement due to electric 
field and displacement due to brownian walk respectively.  
 
As the shape of the cathode electrode changes due to the continuous growth of the 
extracted cluster, the electric field distribution in the domain was updated at every 
time step. Figure 4.1 (a)–(d) shows the electric potential distribution and particle 
distribution in the domain at t=0 seconds and t=200 nanoseconds for 
electrochemical extraction at 1 V. At t =0 seconds, the tip is the cathode electrode 
in contact with the glass and can be modeled as a point source with a potential of 
1 V (Figure 4.1 (a)). The nucleation of silver atom due to electrohcemical 
reduction of silver ion to silver begins beneath the tip. As extraction is continued, 
silver ions transport towards the tip, electrochemically reduce to silver and sticks 
to the previosuly extracted silver. Once silver nucleates at the interface between 
the tip and glass,  the growing aggregate of silver becomes the cathode electrode. 
Therefore, the electric potential  distribution changes at every time step depending 
on the shape of the aggregated silver electrode.  Figure 4.1 (c) and (d) shows the 
electric potential distribution and particle distrubution at t =200 nanoseconds.  
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To incorporate the DLA and RLA growth behavior in the voltage controlled tip 
induced electrochemical growth process, the equation provided by Voss. et al. was 
then utilized to calculate the sticking probability of the particle for a given voltage 
at the tip.  [61] The transport of additional silver ions into the domain through the 
boundaries was considered only  due to random walk of ions in the glass. The 
number of new ions introduced into the system through the boundaries after each 
time step is equal to the number of ions that has been eletrohemically reduced to 
silver atom in that particular time step. 
 
 
Figure 4.2: 2D simulation of growth of electrochemically extracted silver on the surface 
of the glass. The domain considers a 1 µm ×1 µm square lattice with 2500 silver ions. 
The voltage applied at the tip and sticking probability (P) calculated for  the applied 
voltage is provided at the top left corner of the images. 
 
Figure 4.2  shows simulation of the resulting clusters of silver for three different 
voltages. The simulation results suggest that a lower sticking probability results in 
a compact structure, and extraction of silver becomes more dendritic with increase 
in the voltage at the tip. The model predictions qualitatively agree with what is 
typically expected from a voltage controlled electrochemical process (i.e. with 
increasing voltage the process changes from a reaction limited to diffusion limited 
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phenomenon). However, to predict growth for the current controlled tip induced 
electrochemical extraction process,  further improvements of the model such as 
incorporating ion transport from the bulk of the glass, accurate number of ions per 
pixel volume of the domain, and simulating the voltage fluctuation in a current 
control process is necessary. Next, prediction on the growth of silver needs to be 
compared to the fractal dimensions of the predicted growth and experimentally 
obtained growth for the same process parameters. An example of fractal 
dimensional analysis is provided below for experimentally obtained dendritic 
structures shown in Figure 2.7 in chapter 2. 
 
4.4 Fractal Dimensional Analysis 
The approach followed by Yang et al.  [56] was adopted to determine the fractal 
dimension of some of the dendritic silver extracted on the surface of 
(AgI)0.25(AgPO3)0.75 glass in the current controlled extraction process with a 
stationary AFM tip [chapter 2]. The fractal dimension of a structure is usually 
determined by using method of mass dimension which states that the total mass of 
an object M scales with mean radius R.  
 
							𝑀 = 𝑘𝑅)F                         (4.3) 
 
Taking the log on both sides of equation (4.3) 
 
𝑙𝑜𝑔𝑀 = 𝑙𝑜𝑔𝑘 + 𝑑𝑓(𝑙𝑜𝑔𝑅)         (4.4) 
 
where k is a constant and df is the fractal dimension in equation (4.4). To 
determine the fractal dimension of an experimentally obtained silver structure, the 
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topographic image is first converted into a two-dimensional binary black-and-
white image.  Since the aspect ratio of the produced structures are significantly 
small, the silver clusters can be considered as flat two dimensional structures and 
projected area measurements from the binary images can be considered as the 
mass of the structures. The location of the centroid (?̅?,𝑦M) in the  binary image can  
be determined using the following formula shown in equation (4.5). 
 
;        (4.5) 
 
The projected areas of the structures were then calculated as a function of radius 
R. This was accomplished by considering circular areas of different radii in the 
binary image and calculating the areas of the silver structure within the 
corresponding circles. For the silver structure produced by applying 100 nA 
current for 580 ms, the second row in Figure 4.3 (a) shows some example binary 
images that were used for calculating projected areas of the silver feature for 










Figure 4.3: (a) experimentally obtained silver clusters considered for the preliminary 
fractal dimensional analysis. The extraction current and time applied for producing a 
structure are mentioned below the corresponding image. The second row shows binary 
images considered for calculating projected area as a function of radius R for  the 
dendritic silver obtained by extracting silver at 100 nA for 58 seconds. (b)  Log –log plot 
of projected area and radius for all the three experimentally obtained silver clusters 
shown in (a) 
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Figure 4.3(b) shows a log−log plot of the projected area, and radius for all the 
structures shown in the first row of Figure 4.3(a). All the chosen silver structures 
show linear regions in the log−log plot. This linear region in the plot represent the 
relationship outlined in equation (4.2), and confirms that the tip-  extracted silver  
structures are scale-invariant within a certain scale range (i.e. they are fractal 
structures) [7]. The value of the fractal dimension of each of the silver structures 
is then determined by taking the slope of the fit curve of the linear regimes and 
found to be in the range 1.5- 2.2 for the three structures shown in Figure 4.3 (a). 
While the values are typical for two dimensional fractal structures, it is to be 
noted that the fractal dimension for a typical DLA cluster is 1.71 and the RLA 
cluster is in the range of 1.8~2 [7]. More experimental results are needed so that 
we can verify repeatability of these extraction results for a given combination of 
parameters, and then calculate the fractal dimensions using a statistically 
significant number of  experimental data. 
 
4.5 Conclusion 
This chapter presents a preliminary modeling approach to simulate the growth 
behavior of silver on the surface of (AgI)0.25(AgPO3)0.75 when a constant voltage 
is applied to a stationary tip. By modeling the ion transport as a function of the 
electric field and random motion and  defining the probability of a silver ion to 
electrochemically reduce to silver as a function of voltage,  the simulation can 
qualitatively capture reaction limited and diffusion limited growth behavior in a 
voltage controlled electrochemical extraction process. A framework is then 
provided to compare the experimental data and simulation by calculating the 
fractal dimension of experimentally observed growth  and simulated aggregate for 
the same parameters. Future work should be directed to develop a 3D model 
incorporating ion transport from the bulk of the glass to the cathode electrode and 
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simulate growth behavior for electrochemical extraction with a moving tip in a 
current controlled process. 
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Chapter 5: Two Photon Lithography for Fabrication of 
Planar Focusing Collectors  
 
5.1 Background 
As mentioned in chapter 1, a commercial machine from Nanoscribe  based on two 
photon lithography process can fabricate nanostructures  with linewidth of a ~150 
nm  at a speed two orders of magnitude higher than electron beam/focus ion beam 
lithography process. While ebeam and ion beam lithography are currently used as 
preferred direct write techniques to generate master patterns for scalable processes 
(e.g. nanoimprint, S4),  the  relatively fast writing speed and simple operational 
procedure of the Nanoscribe can be a cost effective alternative to generate master 
patterns for scalable fabrication processes such as S4. Also, one unique capability 
of the Nanoscribe writing  is to introduce height variation in a structure  in a 
single fabrication step.  This is particularly useful to expedite iterations of novel 
device designs that  utilize nanoscale height variation within the structure and are 
difficult to make using other conventional lithography.   
 
In this chapter,  the potential of the two photon lithography fabrication is explored  
using the machine from Nanoscribe for creating a metasurface with dielectric fin 
based nanostructures on a  silver layer. The fabricated metasurfaces are designed 
to focus light of multiple wavelengths within the visible spectrum that is being 
incident and reflected from the silver surface.  Because of the flexibility of the 
Nanoscribe to easily introduce height variations in a structure, priority was given 
towards fabricating designs that utilize height variation in the multiheight 
dielectric fin structures to induce a phase delay in the light reflected from the 
silver surface and thus produce the  focusing effect.  As the phase delay created by 
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the structured surface depends on the refractive index of the dielectric, surface 
structuring was designed (by Dr. Kimani Toussaint’s research group) for the 
negative polymer resist used in the writing process (i.e. IP-Dip from Nanoscribe). 
The ultimate goal of our study with this approach was to fabricate and evaluate 
performance of metasurface based  planar focusing collectors (PFC) as an 
alternative to conventional parabolic solar concentrators for collecting solar 
power. 
 
5.2 Fabrication of Planar Focusing Collectors using Two Photon Lithography  
To explore the feasibility of fabricating fin structures with varying width and 
spacing at the nanoscale, two test structures were designed and fabricated to 
characterize the patterning capabilities of the Nanoscribe in terms of the range of 
fin height, width, spacing and feasible aspect ratio. This approach allows the 
evaluation  of the two photon lithography for making fins at the nanoscale, and 
the establishment of design guidelines for a nano-fin design. Based on the 
feedback of the characterization experiments and device performance, design 
iterations were conducted by Qing Ding, Akash Choubal and Dr. Kimani 
Toussaint. Two fin-based designs (i.e. a symmetric nanofin design and  an 
asymmetric nanoanofin design)   with fins of different sizes and aspect ratios were 
put forth as possible candidates for fabrication and performance testing.  
 
5.2.1  Methodology 
As stated earlier, a commercially available two photon lithography system from 
Nanoscribe (e.g. Nanoscribe Photonic Professional 3D printer) was used for 
fabricating PFC devices with the two photon lithography process. The instrument 
focuses a femto-second pulsed laser with a wavelength of 780 nm to polymerize a 
small volume of negative resist. The resist is transparent to light at  780 nm and 
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polymerizes upon absorption of two photons (i.e. at a wavelength of 390 nm) 
Scanning of this laser in 2.5D allows the build up of structures with dimensions in 
the nanoscale. The system features fast lateral laser positioning system using a 
galvanometer, which allows the laser to move within a 140 µm with ~14 nm 
resolution to achieve patterning at a faster speed and over a larger area than   
EBL\ FIB systems (see Table 1.1 for comparison). 
 
While the Nanoscribe can pattern on a variety of substrates, initial 
characterization experiments were conducted on  the recommended 25 mm X 25 
mm  transparent fused silica substrates. A drop of Ip-Dip resist was put on the 
surface of the substrate, and then the substrate was mounted on the sample holder 
of the instrument to initiate writing.   
 
For fabrication of a PFC device, one inch fused silica slides were RCA-1 cleaned 
and coated with 5nm Cr for adhesion, followed by e-beam evaporation of 300 nm 
of silver. A film of 10 nm of Al2O3 was deposited using an atomic layer 
deposition system to prevent  tarnishing of the reflective silver surface. A 
negative photoresist, KMPR 1010, was spun onto the silver coated slides. The 
photoresist was fully exposed to UV light to crosslink the polymer so that it 
would withstand the development of iP-Dip. The thickness of the KMPR layer 
was 10.8 µm -11.5 µm. Inclusion of this spacer layer was necessary to pattern the 
iP-Dip resist on  a reflective  silver surface.  In the absence of the spacer, 
patterning on the silver surface generates standing waves due to  interference of 
the incoming laser used for writing with its own reflection from the silver surface. 
This results in a complete loss of pattern fidelity due to non-uniform energy 
exposure at different heights of the structure while writing (i.e. enhanced resist 
exposure at nodal heights for constructive interference and reduced exposure at 




The process for writing also requires preprocessing the 3D CAD model of the 
desired geometry to generate a laser path. This preprocessing includes slicing the 
model in the z-axis into a series of 2D shapes, and then further generating a beam 
path that travels along those shapes. Once a beam trajectory is generated, 
determination of the total dose of laser fluence for polymerization is required. 
This is usually done by performing a calibration test at the beginning of each 
writing session, where a test structure is written using different speed or laser 
power to identify the power and speed settings to maintain the laser fluence above 
polymerization threshold and below explosion threshold.  Figure 5.1 shows an 
example of a calibration test where a 25 µm X 25 µm test structure is written at 
different laser power and speed combinations ranging from 20%-40% and 15 
mm/s – 35 mm/s respectively. It is clear that the basic structure of the PFC is 
generated over a range of laser powers and speeds. Due to the 2-photon nature of 
the polymerization, the required threshold dose is expected to be approximately 
proportional to the square of the input power, and to the inverse of the laser scan 
speed. These general guidelines are particularly evident for writing with 20% or 
25% laser power, where increasing writing speed at fixed laser power leads to 
inadequate or zero polymerization(as shown in the red dashed line area noted in 
Figure 5.1). Similarly, a gradual increase in polymerization is noticed for 
increasing laser power at a fixed writing speed (20 mm/s -35 mm/sec).  
 
 Inspection of the structures under optical microscope shows that writing at a  
laser power greater than  25% laser and speeds ranging from 15-35 mm/s is a 
good regime for patterning as that the laser fluence  under such settings are 






Figure 5.1: Example of a calibration test performed for writing a 25 µm by 25 µm 
structure at varying laser power and speeds using nanoscribe. Laser speed was increased 
from 15 mm/s to 35 mm/s at an increment of 5 mm/sec(from left to right), and laser 
power was increased from 20% to 40% at an increment of 5% (from bottom to top). The 
area enclosed by dotted lines indicates power and speed combinatations at which the laser 
fluence is not enough for polymerization or fabrication of correct structure. 
 
5.2.2 Characterization of the Nanoscribe for making Fin based 
Nanostructures 
For characterizing the two photon lithography using the nanoscribe instrument, a 
test structure comprised of  fins with different widths at a fixed spacing and fins 




Figure 5.2: (a) Optical microscope image of the test structure made to characterize the fin 
width and spacing achievable using the Nanoscribe. The area enclosed within the red 
rectangle has sets of three fins with width ranging from 50 nm – 600 nm.  The spacing 
between each fin is 500 nm. The area highlighted in green rectangle shows sets of three 
fins with spacing ranging from 50nm -600 nm. Each fin has a thickness and width of 500 
nm. (b) Scanning electron microscope image of the area enclosed within the red rectangle 
in (a).   (c) Scanning electron microscope image of the area enclosed within the green 
rectangle in (a). This particular experiment was conducted by Dr. Kyle E Jacobs. 
 
Figure 5.2(a) shows the optical microscope image of the test structure fabricated.  
The area enclosed in the red rectangle is the section where sets of 3 fins with 
width ranging from 50 nm -600 nm at a fixed distance of 500 nm are written. The 
area highlighted in the green rectangle shows the area with sets of three fins 
where both the width and thickness of the fin structures are kept to 500 nm, but 
the spacing is varied from 50 nm- 600 nm. 
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Since regular atomic microscopy (AFM) probes have difficulty measuring high 
aspect ratio fin-structures, it is not possible to conduct a quantitative analysis 
using AFM to compare the profiles of the designed and fabricated structure is a 
challenge. Instead, scanning electron microscopy (SEM) imaging was performed 
to qualitatively investigate the built features.  Figure 5.2(b)and Figure 5.2(c) 
shows the scanning electron image (SEM) of the area highlighted in red in Figure 
5.2 (a) and the area highlighted in green in Figure 5.2a respectively. The results 
suggests a uniform line-width as low as 100 nm can be fabricated using the two 
photon lithography process (Figure 5.2(b)). However, spacings between the 
fabricated fins are noticeable only in areas where  the fin spacing was kept ≥ 400 
nm in the CAD (computer aided design) model (Figure 5.2c).  
 
Next, to determine the range of aspect ratio and fin thickness achievable using the 
fabrication recipe currently followed for the two photon lithography process, a 
test structure with sets of three fins was designed and made while varying the 
aspect ratio from 0.25 to 5 at an increment of 0.25  (Figure 5.3(a)). This was 
achieved by keeping the widths of the fins constant at 160 nm while varying the 
height from 40 nm to 900 nm at an increment of 40 nm. Figure 5.3(a) shows SEM 
image of one sample structure fabricated using the process and suggest that the 
two photon lithography approach is a good candidate  for fabricating fin based 
PFC devices with aspect ratios in the range of 0.25- ~5, where the thickness of the 
fins can be as low as 40 nm (inset of Figure 5.3 (a)).   
 
A strong drift was noticed in the performance of the laser of the Nanoscribe 
printer during the experiments. To investigate how such instability in the laser 
energy exposure introduced variability in the process, fabrication of the same test 
structure was repeated several times while keeping the laser power and scan speed 
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the same. The results ensured that with the current performance of the instruments 
and any other factors that may lead to defects in the nanostructure (e.g. vander 
wall interactions between the fins leading to fin collapse), fins with aspect ratio 
up-to 4 can be reliably fabricated. A repetition of the characeterization study for 
the aspect ratio is therefore recommended as a future work to identify the true 
limits of the aspect ratio that can be achieved with the Nanoscribe instrument. 
 
 
Figure 5.3: (a) SEM image of the test structure made to characterize aspect ratio and 
thickness achievable for fin-design using the Nanoscribe Printer. The inset shows a close 
up view of the area enclosed within the red rectangle.  (c) Scanning electron microscope 
image (SEM) of test structure made using smear laser power and speed to test the 






5.2.3 Fabrication of Nanofin based PFC Devices  
Once the design space for manufacturing the fin based structures with the two 
photon lithography process was determined, attempts were made to fabricate the 
nano-fin designs proposed by Dr. Toussaint’s group based on the design 
constraints. It is clear that the basic structure of the PFC is generated over 
different  ranges of laser power and speed. Figure 5.4 shows of an array of PFC 
devices made based on the symmetric nano-fin design for different laser powers at 
40 mm/s. Figure 5.5(a)  shows the CAD model of symetric nanofin design  and 
 
 
Figure 5.4:  SEM image of an array of PFC devices based on the symmetric nano-fin 
design. Image is taken at 45o  angle 
 
Figure 5.5(b) shows a close- up SEM image of the fabricated PFC device. While a 
comparison of the designed and fabricated PFC profile is not possible using AFM 
analysis, comparison of the PFC structure in the CAD model with the SEM image 
shows that the PFC device has been fabricated as designed(Figure 5.5(c)). Figure 
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5.6(a) and Figure 5.6(b) shows the CAD model and SEM image of the fabricated 
device for the asymetric nanofin design. 
 
 
Figure 5.5: (a) CAD model of the symmetric nano-fin design. (b) SEM image of the 
fabricated PFC device for the symmetric nano-fin design. (c) Comparision of the 
designed and fabricated fin structures within the area anclosed by the yellow rectangle in 










Figure 5.6: (a) CAD model of the asymmetric nano-fin design. (b) SEM image of the 
fabricated PFC device for the asymmetric nano-fin design. 
 
5.2.4 Optical Experiments with the Fabricated Device  
Optical experiments were performed by our collaborators  (Qing Ding, Dr. 
Kimani Toussaint)  to evaluate the peeformance of the fabricated PFCs to achieve 
line focusing.  In Figure 5.7, the bright-field images and the observation of line-
focusing are the measured results for both symmetric (top row) and asymmetric 
nanofin design (bottom row). Figure 5.7(b) and Figure 5.7(c)   are showing the 
observed line-focusing effect for the sample from the same row in Figure 5.7(a), 
under TM- and TE-polarized light. The line-focusing effect is observed clearly 
under both TM- and TE-polarized light, experimentally proving that the fabricated 
nano-fin based optics design is independent of the polarization of light.   
 
5.2.5 Challenges of Fabrication with Nanofin Design 
While the design flexibility and automated patterning capaibility of the nanoscribe 
system allows fabrication of fin based metasurfaces for focusing solar power,  
further improvement in the device performance can be obtained if the nano-fins 
can be placed on the surface at a higher density; as increasing the number of 
nanostructures over the same area can enable better control of light reflected from 
the area for same incident solar power. This requires placing the nano-fins on the 
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surface at a spacing smaller than what is currently achievable by the process 
(~400 nm) for the fin design (discussed in section 5.2.2). To identify what limits  
 
Figure 5.7: Optical Experiments for PFCs with a fin based metasufrace. (a) Brightfield 
images of the PFC device fabricated for the symmetric (top row) and asymmetric nano-
fin design (bottom row). (b) The focal plane of the PFC sample  from the corresponding  
row with TM-polarization. (c)The focal plane of the sample from the corresponding row  
with TE-polarization.  
 
the fin spacing, fabrication of a higher density nanofin design was attempted at 
different laser powers for same laser speed. The goal was to investigate if any 
variation of  laser energy (e.g. varying laser power at same speed) affect 
dimensions of  fabricated fin structures. The higher density nanofin design has  
fins with linewidth ranging from 100-320 nm, height ranging from 100-1000nm 
and fin spacing ranging from 150 -350 nm.  
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Figure 5.8 shows SEM images of the devices where the laser power to fabricate 
the nanofin design is varied from near threshold polymerization (i.e. 35% laser 
power at 15 mm/sec scan speed) to higher energy exposure (i.e. 45% laser power 
at 15 mm/sec scan speed). While polymerized PFC device was made at a laser of 
power 35%, the structural integrity of the device is better preserved at higher 
power settings. A close up view of the fin structures shows significant collapse of 
the fins when made using 35% laser power, and straight fins were formed at 40% 
and 45% laser power. Our understanding is that  the degree of cross-linking in 
negative tone resists is correlated to the laser intensity deposited in the voxel. 
Consequently,  the fins grow wider when fabricated at higher laser power, and this 
increase in fin widths limits the spacing achievable between adjacent fins. For the 
nanofin design, when a laser power high enough to make straigth fin structures 
area used, the adjacent fins grow wide enough to eventually overlap. This limits 
the resolution of fin spacing possible in  the Nanoscribe writing process. As 
reported earlier in section 5.2.2, spacing between fins can only be obtained if the 
structures are placed at a distance > 400 nm.  
 
For fabricating the nano-fins with higher  density than currently achievable with 
Nanoscribe, future work can be to explore the opportunity of fabricating this 
device nar  threshold polymerization level with the aid of support structures. The 
goal is to provide laser energy that is adequate to polymerize the basic PFC 
structure, but can not produce free standing fin structures. Support structures can 
be provided to  prevent collapse of the fins. However, design of the support 
structures should be such that the focusing peromance of the device remains 





Figure 5.8:  (a) SEM images of  devices for the high density nano-fin design made using 
different laser power while keeping the scan speed at 15 mm/sec. (b) Close-up view of 
the areas enclosed in rectangle for the corresponding laser power in (a). 
 
investigated by exploring the options to tune the recipe (direction of laser scan, 







Chapter 6: Solid State Superionic Stamping S4: 
Applications and Path towards Scalable Manufacturing 
 
 
6.1  Introduction 
As discussed with details  in chapter 1, solid state super ionic stamping (S4) is a 
solid state electrochemical imprinting process to generate metallic nanopatterns in 
a direct step. Patterning of a metal film is accomplished  by  electrochemically 
etching the metal with a patterned stamp. The stamp material used in this case is 
usually a metal ion containing solid electrolyte. When the patterned stamp  makes 
contact with a metal film (configured as the anode in an electrochemical cell 
configuration) only at areas where metal is to be removed,  by anodic dissolution 
at the  contact interface with the solid electrolyte. As a result, a pattern that is the 
compliment to that on the stamp is transferred to the metallic film.  In the previous 
development of the S4 process, Jacobs et al. implemented patterning of silver  using  
superionic (AgI)x-(AgPO3)(1-x) glass as the stamp material, which allows solid state 
patterning of sub 100 nm features  [44] over an area of 0.26 mm2 and micron scale 
feature over an area of 25 mm2 .  The use of  (AgI)x-(AgPO3)(1-x)   as  the stamp 
material was preferred as the material has more chemical stability, ease of 
processing, and high ionic conductivity at room temperature compared to other 
candidate stamp materials [e.g. Ag2S, RbAg4I5, Cu2S etc.].   (AgI)x-(AgPO3)(1-x), 
where x represents the mole fraction of AgI in (AgI)x-(AgPO3)(1-x) mixture, is an 
environmentally stable glassy electrolyte. The addition of AgI into AgPO3 changes 
the glass transition temperature of (AgI)x-(AgPO3)(1-x) in the range of 260°C to 80 
°C for mole fraction x going from 0 to 0.5. [40] This low glass transition 
temperature is advantageous as it allows the material  to be conveniently melt-
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processed  around a master pattern (prefabricated using Ebeam/FIB lithography 
process) and economically make stamps with areas ranging from 4 to 25 mm2. The 
high ionic conductivity of the material at room temperature then allows 
electrochemical patterning of a metal in ambient condition. 
This chapter demonstrates patterning of nanoscale and micronscale features of 
silver over an area of 25 mm2 ( i.e. ~ 5 mm diamater)  while implementing  the  S4 
process to generate color by patterning different nanostructures of silver. Future 
prospects of scaling up the S4 process   is then explored by refining the stamp 
fabrication process to make 100 mm2 (i.e. ~10 mm diameter) stamp. Additionally, 
to implement S4 as a continuous process such as roll to roll, an experimental setup 
is designed and continuous patterning of silver is demonstrated. 
 
6.2  S4 using (AgI)x-(AgPO3)(1-x)  : Basic Framework 
Figure 6.1 schematically depicts the S4 patterning process using (AgI)0.5-
(AgPO3)0.5 as the stamp material. To prepare a stamp for S4, (AgI)0.5-(AgPO3)0.5 , 
the solid electrolyte  is first patterned using  a mold substrate. This is usually done 
by heating a stamp holder containing the solid electrolyte and mold substrate at 
temperatures such that, when (AgI)0.5-(AgPO3)0.5 is brought into contact with the 
mold substrate, the interface between (AgI)0.5-(AgPO3)0.5 and the mold is at a 
temeprature above the glass transtion temperature of (AgI)0.5(AgPO3)0.5 (i.e. 80 C). 
This causes the (AgI)0.5-(AgPO3)0.5 near the interface to flow and replicate the 
patterns in the mold. [55] A constant load  is applied to the stamp holder at this 
stage as  (AgI)0.5-(AgPO3)0.5  spreads over the mold and maintain good contact 
between the material and the mold substrate. When the stamp material spreads over 
a desired area of the mold, the load is reduced, and the assembly is then cooled 
below 80 C so that the patterned stamp can now solidify. The patterned solid 
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electrolyte can then be released from the mold by simply retracting the stamp 
holder. Prior to stamp fabrication, a monolayer of an anti-adhesion coating (e.g.  
Perfluorodecyltrichlorosilane (FDTS)) is usually deposited on the mold substrate 
using  a moleculer vapor deposition process to aid clean release of the stamp from  
 
Figure 6.1:  S4 patterning using  (AgI)x-(AgPO3)(1-x)   a) Fabrication of the stamp using a 
mold substrate (b) Electrochemical etching of a silver film using the patterned stamp 
 
the mold. Once the stamp is patterned, it can be brought in contact with a silver film 
to form an electrochemical cell. Etching of  silver at areas in contact with the stamp 
is then accomplished in ambient conditions by applying an anodic bias to the silver 
film.  The stamp holder is typically made out of metal, and used as the cathode in 
the process. More details on the design  and experimental setup  for S4 can be found 
in the work reported by Jacobs et al. [50]  
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6.3 Fabrication of Plasmonic Color with S4   
Figure 6.2 shows SEM images of color generating plasmonic metasurfaces of silver 
(arrays of posts, holes and lines at the nanoscale producing plasmonic color) 
fabricated using  the S4 process outlined in Fgure 6.1. Figure 6.2(a) –(c) shows 
SEM images of master patterns on the mold substrates. The line patterns in Figure 
6.2(a) are made on a silicon mold, the post (Figure 6.2(b)) and hole patterns (Figure 
6.2 c)) are made on nickel molds. Figure 6.2 (d-f) shows reproduction of the same 
patterns on a silver film using the S4 process. Figure 6.3(a) shows an image of a 
patterned Si substrate (~3.5 inch × ~3.5 inch) with different line gratings that can 
be used as a master pattern for the S4 process. Figure 6.3 (b) shows the S4 stamp 
fabricated  from the area highlighted with a white circle in Si mold of Figure 6.3 
(a).  Figure 6.3 (c) shows 4 regions with color generating  arrays of line patterns of 
silver that are made using the same S4 stamp. Each of the region has an area with 
a 5 mm diamater. 
 
6.4  Scaling up S4 for Mass Production of Metal Nanostructures 
While all the scalable processes discussed in chapter 1 (e.g. nanoimprint 
lithography, nanotransfer printing, electrochemical machining, S4) requires a 
prefabricated stamp, solid state superionic stamping (S4) provides some advantages 
over the other approaches. Within the scope of the scalable processes discussed in 
chapter 1, S4 is the only process that allows direct patterning of metals with a stamp 
in a single step. The fabrication process is all solid state and allow patterning under 
ambient condition. However, as shown in Table 1.1, compared to nanoimprint 
lithography and ArF lithography, the area coverage (~ area of 5 mm diamater)  of 
the S4 patterning process is not competitive and requires further improvement for 
commercialization. Therefore, fabrication of large area (> 5mm diamter) S4 stamps 
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and subsequent patterning  needs to be explored for scaling up the process for 
manufacutring on  an industrial scale . 
 
 
Figure 6.2:  S4 patterning of lines, posts and holes of silver. (a)-(c)  show SEM images of  
mold substrates with line, post and hole arrays. (d)-(f) show SEM images of the silver 
surface patterned with S4 stamps. The S4 stamps were made using the master patterns 






6.4.1 Fabrication of S4 Stamp for Large Area (> 5 mm diamater) Patterning  
During the stamp fabrication process for S4, the stamp surface can experience 
significant curvature due to many factors such as viscoelasticity of the glass, 
thermal contraction during solidification and cooling of (AgI)0.5-(AgPO3)0.5, and 
load induced elastic deformation of the mold. [50] For patterning silver with  S4, 
the entire stamp area needs to be in physical contact with the silver film during 
electrochemical etching. As a result, the curvature in the stamp surface is not ideal 
for patterning as it inhibits contact of the entire patterned area of the stamp with the 
silver surface.  
 
 
Figure 6.3:   S4 patterning of line gratings of silver  over an area with 5 mm diamater. (a) 
Image of an Si mold with different line patterns producing colors. (b) S4 stamp made  using 
the area highlighted with a dashed line circle in the mold. (c) Four patterned areas on a  
silver surface using the same S4 stamp. 
 
In an attempt to create flat stamps, the effects of different process parameters (mold 
temperatures, stamp temperature, imprinting load etc.) on stamp curvature during 
molding of the stamp from the master have been previously investigated for S4 
stamp in the literature. [50] The study found that while some parameters such as 
the mold temperature primarily only affects the molding time, others such as the 
temperature of the stamp holder had a large effect on the overall curvature of the 
final stamp. By changing the temperature of the stamp holder from 37.5 C to 80 C 
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for a mold temperature of 110 C and an imprint load of 5 lb., the stamp surface can 
be changed from concave to convex. This temperature dependent transition of the 
stamp surface from concave to convex was utilized to interpolate a stamp holder 
temperature which will result in a flat surface. While the characterization led to the 
ability to fabricate stamps with less than 200 nm total curvature across a 5 mm 
diameter of the stamp, the fabrication of a flat S4 stamp with diameter larger than 
5 mm has never been explored and is desirable to scale up the patterning process.  
 
Figure 6.4 depicts the process and challenges of S4 patterning due to curvature in a 
stamp with a 10 mm diameter. Figure 6.4 (a) shows an optical image of the stamp 
prepared for molding against a master pattern and a schematic of the stamp 
configuration.  Figure 6.4 (b) shows a schematic of the arrangement for imprinting 
the stamp against the mold. After clamping the stamp in to the stamp holder on the 
S4 machine, the stamp holder and mold are brought to temperatures of Ts and Tm 
respectively. The stamp holder is attached to a motorized Z stage, and the motion 
of the Z stage can be adjusted to maintain a constant desired load at the stamp-mold 
interface. A compressive load of 5 lb. is applied at the stamp holder to bring the 
(AgI)0.5-(AgPO3)0.5 in contact with the mold.  The temperatures are selected such 
that Tm is above the glass transition (Tg) temperature of (AgI)0.5-(AgPO3)0.5 (~80C), 
while Ts is kept below Tg so that softening and viscoelastic spread of the (AgI)0.5-
(AgPO3)0.5 occurs only at the interface. For this particular experiment, the  Ts and 
Tm  was 65C and 100C respectively. Once the (AgI)0.5-(AgPO3)0.5 at the contact 
interface spreaded out to a diamter of 10 mm, the compressive load on the stamp 
holder was reduced to a 0.5 lb to stop further spreading of the material. To allow 
the viscoelastic stresses in (AgI)0.5-(AgPO3)0.5 to relax, a hold time of 1 min was 
maintained prior to cooling the mold temperature at 1.5 C/min.  The compressive 
load of 0.5 lb was still maintained to ensure contact of the stamp surface with the 
mold. Once Tm <Tg , (AgI)0.5-(AgPO3)0.5 near the interface completely solidifies and 
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separation of the mold from the stamp is then accomplished by removing the 
applied load and retracting the stamp holder with the aid of the Z axis stage. 
 
Figure 6.4 (c) shows the arranagement for  electrochemical etching with the  S4 
stamp, and Figure 6.4 (d) highlights patterning results on  the silver film using   the 
10 mm diameter stamp. The patterning results shows that etching of silver films 
occurred only at the circumference of the stamp surface rather than the entire 10 
mm diamater area. The  results suggests that the fabricated stamp surface is concave 




Figure 6.4: S4 patterning over an area of 10 mm diameter: (a) Image of S4 stamp prepared 
for molding and schematic of the stamp configuration (b) Schematic of the stamp against 
a mold. (c) Electrochemical etching of silver film (d) Image showing multiple etch attempts 
using the S4 stamp on the silver film 
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The concavity of 10 mm diameter stamp is therefore studied with the help of 
profilometric measurement of the stamp surface prepared at different process 
conditions (stamp holder temperature, compressive load etc.). Figure 6.5 shows 
profilometric data of the stamp surface molded against a polished silicon wafer 
using different stamp holder temperatures. The other process conditions for the 
experiment was kept similar to the process outlined in Figure 6.4. 
 
The results show that when molded using a stamper holder temperature of 65 C, 
the stamp surface is concave with an average central gap of 1.6 µm. While 
increasing the stamp holder temperature to 75 C can reduce  the gap by ~300 nm, 
further reduction of the stamp surface curvature is required to improve the contact 
between the S4 stamp and silver film and etch over an area of 10 mm diameter. 
 
It is possible that the curvature of the stamp is influenced by creep deformation of 
the viscoelastic (AgI)0.5-(AgPO3)0.5 when temperature of the material reaches above 
Tg during imprinting. If creep deformation is in effect to produce surface curvature, 
the time taken to imprint the stamp (i.e. time required for the glass to spread to the 
desired diameter) is critical as longer imprint times may lead to more deformation 




Figure 6.5: Surface profiles of stamps molded against a polished silicon wafer at different 
stamp holder temperatures. The stamp surface was aligned upward (as shown in the image 
above the plot)for taking profilometric scans, such that the curves  showed in figure 6.4 
represent concave surfaces.  Experiments were performed in collaboration with Boqian 
Qian, and Haenah Kim.  
 
For the experimental setup used for S4, the surface profiles produced at different 
imprint times can be indirectly explored by varying the compressive load applied 
on the stamp holder. When operating at temperatures approaching Tg, the flow rate 
of the glass is determined by the pressure (i.e. compressive load per unit area) 
applied rather than dominated by other forces such as surface tension or gravity. 
This suggests that as the area of the S4 stamp is increased to a diameter of 10 mm, 
a larger compressive load on the stamp is required to operate at the pressure and  
imprint time that generated a flat S4 stamp with 5 mm diameter. 
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Figure 6.6 shows surface profiles of stamps fabricated by applying different 
compressive loads on the stamp holder while molding at a stamp holder temperature 
of  75 C. Compared to molding with a compressive load of 5 lb. that results in a 
stamp surface with a central gap of 1.3 µm, increasing the compressive load allows 
the  ability to lower the gap to ~250 nm. The transition of the glass surface from 
concave to convex as the load is changed from 20 lb. to 25 lb. also suggests that a 
compressive load between 20 lb. and 25 lb. should be applied to produce flat stamps 
with area of 10 mm diameter.  Therefore, for patterning silver over an area of 10 
mm diameter, a patterned S4 stamp was fabricated from the silicon master shown 
in Figure 6.4 (a) using a compressive load of 22.5 lb. Figure 6.7 (a) shows an 
 
Figure 6.6: Average surface profiles of stamps molded against a polished silicon wafer at 
different stamp compressive loads. The stamp surface was aligned upward for taking 
profilometric scans. For each load experiment, data is averaged over 3 profilometer scans. 





Figure 6.7: S4 patterning of line gratings of silver  over an area of 10 mm diamater. (a) 
Image of patterned S4 stamp. (b) Image of multiple attempts of S4 patterning on the silver 
surface. The arrows indicate areas with successful patterning attempts. (c) SEM image of 
line patterns of silver. Experiments were performed in collaboration with Pingju Chen, 
Boqian Qian, and Haenah Kim.  
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optical image of the fabricated stamp, and Figure 6.7 (b) shows successful 
patterning of silver using the stamp over an area with 10 mm diameter. The details 
of the patterned lines of silver is shown in the SEM image in Figure 6.7 (c). 
 
6.5 Modeling Thermal Gradients in the Molding Process 
While a compressive load of 5 lb was sufficient to produce flat stamps with a 5 mm 
diatemeter [50], our discussion of making stamps with a diamter of 10 mm  in the 
previous section shows that, for the current design of the stamp holder (Figure 6.4 
(a)), a significant increase  in the compressive load  is necessary to  produce flat 
stamps. The  requirement of increasing the load may pose some  challenges for 
further scaling up of the S4 process using  large area stamps (e.g. diameter of  10- 
25 mm), as it is desirable to perform the patterning process  at loads  that allow for 
a simple experimental setup.  Focus was therefore driven to investigate  the relation 
between  thermal transport behavior and the curvature in the stamp surface, with an 
aim to explore pathways to farbicate large area (e.g. diameter of 10 - 25 mm) flat 
stamps without applying a high compressive load. 
 
A 3D axisymmetric model of steady state heat transfer was developed in COMSOL 
Multiphysics software to model the thermal gradients within  the stamp during the 
molding process.  
 
Figure 6.8, shows the axisymmetric model considered to model the thermal gradient 
in the stamp during the stamp fabrication process. The stamp holder is made out of 
aluminum metal, and the mold is made of out of silicon. Boundaries between 
(AgI)0.5-(AgPO3)0.5 and aluminum are kept at a temperature  Ts, and the mold is 





Figure 6.8: Axisymmetric model of the S4 stamp fabrication process 
 
It is to be noted that the entire stamp fabrication process can be divided into three 
steps:  
1. Imprinting: Spreading of the glass to the desired diameter under an applied 
compressive load. 
2. Relaxation period:  Reducing the applied load to stop viscoelastic spread of  
(AgI)0.5-(AgPO3)0.5  and hold the assembly for a certain time interval prior 
to cooling the mold. This is required to reduce the viscoelastic stress built 
up in the (AgI)0.5-(AgPO3)0.5 due to the deformation of the material in the 
imprint step. 
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3. Cooling:  Reducing the mold temperature (Tm) to a temperature below the 
glass transition temperature (Tg) of (AgI)0.5-(AgPO3)0.5 at a desired rate 
(C/min). 
 
For simplification of the analysis, the imprint step was not considered in the 
simulation. Therefore, as Figure 6.8 shows, the contact diameter between the mold 
and the stamp surface was considered to be 10 mm. The distance between the 
aluminum stamp ring and the mold is 2 mm. As the model is axially symmetric, 
heat transfer is prohibited along the central axis for simulation.  Convective cooling 
at an ambient temperature of 25 C was considered at the interfaces of the aluminum 
holder and (AgI)0.5-(AgPO3)0.5 with air.  The convective heat transfer coefficient 
was considered to be 10 Wm-2K-1). For the thermal analysis discussed in this 
chapter, Ts was assumed to be 75C. The thermal conductivity, density, and heat 
capacity, Cp, of (AgI)0.5-(AgPO3)0.5  was taken to be 0.259 WK, 5.38g/mL, and 305 
J(kg-1K-1). [63, 64] The thermal conductivity of aluminum was considered to be 
205 Wm-1K-1. To model the thermal gradient for relaxation and cooling, the mold 
temperature was reduced at a desired cooling rate,	𝐶$ (C/min) after an interval of 
𝑡&	seconds, where  𝑡&	represents the duration of the relaxation period. For simulation 




(110	𝐶 − (𝑡 − 𝑡&) ∗ 𝐶$)																					𝑡 > 	 𝑡&       
(6.1) 
 













Figure 6.9: Thermal anlaysis for steady state temperature distribution in the stamp during 
molding.  (a) Simulation for temperature distribution at the beginning of relaxation step 
(T6 =110 C, t = 0 second) (b) Simultion for temperture distrubution when (T6 =81 C, t= 
1200 seconds).  
 
 
Figure 6.9 (a) shows the temperature distribution in the stamp at the beginning of 




the mold is at 𝑇(, and (AgI)0.5-(AgPO3)0.5 near the  mold-stamp interface is 
therefore in a molten state.  The white isothermal line in the images corresponding 
to 80 C is provided to separately identify the solid and molten region of the glass. 
The results suggest that solidified region of  (AgI)0.5-(AgPO3)0.5  follows a concave 
profile. Our understanding is that the heat transfer from the stamp-mold interface 
to the stamp in the y direction is not unifrom because of the presence of the cavity 
in the aluminum holder. The high thermal conductivity of aluminum compared to  
(AgI)0.5-(AgPO3)0.5 facilitates faster cooling of the  (AgI)0.5-(AgPO3)0.5  between the 
aluminum ring and the mold. Consequently, cooling and solidification  of (AgI)0.5-
(AgPO3)0.5   at areas between the aluminum surface and mold occurs faster than in 
the cavity filled with (AgI)0.5-(AgPO3)0.5. Figure 6.9 (b) shows the temperature 
distribution when the mold temperature is cooled down to 81 C. The results indicate 
that the concave profile for solid region exists  near the end of the stamp fabrication 
step.  
 
To verify our understanding of the thermal anaylsis , an experimental analysis was 
conducted by making aluminum stamp holders with a cavity diamater of 6 mm, 12 
mm, and a stamp holder without any cavity. The goal was to investigate if reducing 
the variation of thermal conductivity in the stamp holder allows to minimize the 
variation in the cooling rate  of  (AgI)0.5-(AgPO3)0.5 and the resulting curvature of 
the stamp surface. In the original stamp design, the cavity was kept to faciliate  
optical registration of the etched patterns. [50] Figure 6.10 shows profilometer 
measurements of the stamp prepared using the three stamp holders and schematic 
of the holders. For the stamp holder with no cavity, a 1 mm thick SiO2 slide was 
attached to the aluminum holder using an adhesive kaptan film and then (AgI)0.5-
(AgPO3)0.5 was deposted on the SiO2 slide. This was necessary as the (AgI)0.5-
(AgPO3)0.5 does not directly adhere to the aluminum holder without a cavity. The 
experimental parameters for the process was kept the same as the process outlined 
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in Figure 6.4. The results show that, for the same experimental process paramaters,  
the central gap in the stamp curvature is reduced from 2 µm to 0.7 µm by using a 
stamp holder with uniform thermal conductivity. Therefore, to be able to fabricate  
large area stamps (diamter >10 mm) without significantly changing the load 
requirements,  future work can  directed to redesign the stamp holder for uniform 
cooling of (AgI)0.5-(AgPO3)0.5  during the fabrication step.  
 
 
Figure 6.10: Stamp surface profiles for different stamp designs 
 
 
6.6  Roll to Plate for Scaling up S4   
A future direction for scaling up S4 can be the implementation of the S4 technology  
as a continuous patterning process. To investigate the feasibility of such a scheme, 
an experimental setup was designed to perform S4 patterning using a roll to plate 
(R2P) configuration.  In this approach, a flexible substrate (e.g. polymide film)  
coated with a silver film is rolled over a cylinder and a  patterned (AgI)0.5-
(AgPO3)0.5    stamp is  fed into a roller at a velocity that allows continuous 
electrochemical patterning of the silver film (Figure 6.11).   A compressive load is 
applied on the roller  to establish contact between the silver film and patterned  
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(AgI)0.5-(AgPO3)0.5 stamp. In this approach, the actual contact area during 
imprinting is only a line along the roller in contact with the substrate rather than the 
entire stamp area in typical S4 scheme. As a result,  the load required for patterning 
for the S4 process should be reduced. Due to the line contact, a roller-based process 
should also have the advantage of reduced issues regarding thickness variation, 
trapped dust particles etc. and thus improve the uniformity of features being 
patterned on a substrate. 
 
 
Figure 6.11: Schematic for implementing S4 in a roll to plate scheme 
 
Figure 6.12 shows the actual experimental setup and preliminary results of etching 
using a 10 mm diameter stamp. A 10 nm  adhesion layer of chromium followed by 




Figure 6.12: S4 patterning using in a roll to plate scheme. (a) Experimental setup. (b) 
Etched silver film where the both roller and stamp is kept fixed. A line contact is maintained  
between the silver film on the roller and the stamp during etching by applying a constant 
load of 1 lb.  (c) Etched silver film where the stamp is moved at a speed of 250 µm/sec 
while maintaining a line contact with the silver film. The load applied to maintain a  line 
contact during the rolling motion was 5 lb, the total length of travel was 6 mm. (d) SEM 
image of the nanostructures patterned in the silver film of Figure 6.7(c). 
 
technique. The substrate was then mounted on a roller (i.e. a yoke style cam 
follower with 31.75 mm outer diameter purchased from McMaster-Carr). While 
fabrication of a flat stamp that is long enough to support complete rotation of the 
roller with silver film is desirable, the 10 mm diameter stamp was used in the initial 
attempt as  surface profile for the stamp is already characterized. The goal of this 
preliminary experiment was  to check the feasibility of electrochemically patterning 
silver during a rolling motion. To investigate if  a good line contact can be 
established between the roller and the stamp, etching of silver was first attempted 
by keeping the roller and the stamp fixed while applying a load of 1 lb. The etched 
area of silver  (Figure 6.12 (b)) obtained using this approach suggest good line 
contact between the roller and the stamp.  Etching was then attempted by moving 
the stamp at a speed of 250 µm/sec while applying a compressive load of 5 
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lb.  Figure 6.12(c) shows continuous etching of the silver film on the roller for 6 
mm. The SEM image in Figure 6.12(d) shows the 320 nm diameter hole arrays 




In this chapter, fabrication of color generating nanostructures of silver using S4 is 
discussed and patterning silver over an area of 10 mm diameter using the technique 
is demonstrated.  A key challenge of scaling up S4 process is to produce stamps 
with no curvature, so that a good solid-solid contact can be achieved the stamp and 
the metal substrate for electrochemical etching. The stamp fabrication and 
patterning results presented in this chapter suggests that as the area of the stamp is 
increased, more compressive load is required during the imprinting process to 
produce flat stamps. Simulation results is then presented to explore the effect of 
thermal gradients on stamp curvature and have insights if redesigning of the stamp 
can help reduce surface curvature. The potential of using S4 as a continuous process 
was then explored by patterning nanoscale hole arrays of silver using a roll to plate 
scheme.  Future work should be directed to further scale-up the process either by 
making flat stamps with diameters up-to 25 mm or implementing S4 in a roll to 
plate configuration where the stamp is used as a roller. Patterning of copper 
nanostructures by using a copper ion based solid electrolyte should also be 
attempted to extend the capabilities of the technique for scalable production of 




Chapter 7: Conclusion and Future Work 
 
7.1 Summary of Work  
In summary, the  work reported in this thesis primarily focuses on the development 
of solid state (i.e. liquid free) electrochemical manufacturing processes using  
(AgI)x (AgPO3)(1-x) and (CuI)x (CuPO3)(1-x)  electrolytes to meet both rapid 
prototyping and mass production.  A solid state direct writing technique using AFM 
was developed for patterning silver and copper nanostructures. Additionally, 
patterning capabilities of a state of the art commercial two photon lithography 
instrument was  explored through fabrication of fin based solar collectors.  With 
the ultimate goal of developing a solid state approach for fabricating metal 
nanostructures on an industrial scale, extension of  S4 capabilities was 
demonstrated for patterning over an area with diameter up-to 10 mm.  
 
To implement direct writing with AFM under ambient conditions, silver is locally 
and controllably extracted to the surface of superionic (AgI)0.25 (AgPO3)0.75 glass 
by bringing a conductive AFM probe tip in contact with it, biasing the probe with 
a negative voltage and regulating the resulting current. The growth mechanism of 
the resulting nanostructure is explored by extracting silver with a stationary AFM 
tip on the surface of the silver. A moving tip was then used to produce continuous 
lines, solid films and discrete dots of silver by implementing continuous and pulsed 
current writing approaches. The line dimensions depend on writing speed and 
current flowing in the electrochemical circuit, while the size and spacing of the dots 
depend on the parameters (magnitude, duration and frequency) of the current pulses 
and the writing speed of the AFM tip. Linewidths in the ~100 nm range are 
demonstrated. Our investigation also shows that a threshold potential must be 
overcome to be able to draw and reduce silver ions on the glass surface. When 
polarity between the electrodes is reversed, the patterned silver ionizes back into 
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the glass, thus offering the capability to erase and rewrite silver patterns on the glass 
surface. To extend the capabilities of the technique for fabrication with other 
materials, writing was attempted on a copper based (CuI)0.3 (CuPO3)0.7 glass that 
has room temperature ionic conductivity similar to (AgI)0.25 (AgPO3)0.75. A dendritic 
electrochemical reaction on the surface of a super-ionic (CuI)0.3 (CuPO3)0.7 glass surface 
is demonstrated by negatively biasing an atomic force microscopy (AFM)  probe 
relative to a Cu film counter electrode. Energy dispersive X-ray spectroscopy 
(EDS) is then used to characterize the dendrite and confirm electrochemical 
extraction of  copper on the glass surface. Line patterns with ~200 nm line-width 
are then generated in seconds over areas tens of microns in diameter by moving the 
AFM tip along the desired pattern while supplying a ~pA level constant current to 
the tip.  
 
A preliminary 2D model to simulate the growth behavior of silver in a voltage 
controlled tip based extraction is then demonstrated by using diffusion limited 
aggregation as the modeling framework. The model can predict electric field 
distribution for a growing  silver electrode on the surface of the glass and simulate 
ion transport behavior due to Brownian motion and electric potential field. By 
defining the probability of an ion to stick to the silver aggregate as a function of 
voltage at the tip, the model is utilized to simulate the growth behavior for a  
reaction limited or a diffusion limited extraction process. 
 
Nanoscale fabrication capabilities of a two photon lithography based commercial 
direct write  machine (i.e. Nanoscribe)  is then explored by fabricating nano-fin 
based meta-surfaces as planar solar collectors.  While the Nanoscribe direct write 
process is not solid state, the unique capability of Nano-scribe to produce height 
variation in features at the nanoscale can be utilized to produce  3D metallic 
nanostructures (explained later in section 6.2.2) using S4.  
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To translate the advantages of the solid state electrochemical manufacturing 
scheme to high volume manufacturing, pathways to implement S4 patterning of 
large area is explored. One challenge  to realization of thermal nanoimprint for S4 
stamp patterning is that tighter control and characterization is needed of the 
processing parameters to achieve stamp flatness. Characterization of the parameters 
for a 10 mm diameter S4 stamp demonstrated that increasing the load on the stamp 
holder during imprinting can cause a transition in stamp surface curvature from 
concave to convex. Patterning on a silver surface using a 10 mm diameter stamp is 
then demonstrated. Simulation of the temperature distribution for the stamp shows 
that the thermal gradient within the stamp holder also affects surface curvature. The 
flatness  of the stamp surface can be improved by redesigning the stamp holder to 
compensate for  the thermal conductivity variation within the stamp. Continuous 
patterning of silver is then demonstrated by implementing S4 in a roll to plate 
scheme. The results of this experiment suggests that by implementing S4 in a roll 
to plate scheme, it  is possible to  directly pattern metal  for high volume 
manufacturing. 
 
7.2 Future Work 
7.2.1  Modeling Growth Behavior in Tip Based Electrochemical Extraction 
While the modeling approach reported in this paper can qualitatively predict the 
silver growth process in a voltage controlled approach, the current model only 
considers ion transport on the surface of the glass. Future work should be directed 
to develop a  3D model  so that the transport of ions from the bulk of the glass to 
the cathode electrode can be considered, and shape evolution of silver can be 
modeled considering both vertical and lateral growth of silver. While the sticking 
probability of an ion can be defined as a function of applied voltage at the tip, the 
voltage fluctuations to maintain a constant current needs to be modeled so that the 
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growth behavior can be simulated for a current controlled process. The model 
should then be validated by comparing the simulation data with experimental 
observations using the fractal dimensional analysis approach. Once a reliable model 
to predict the growth behavior for extraction with a stationary tip is established, 
efforts should be geared to simulate electrochemical extraction using a moving tip. 
 
7.2.2 Fabrication of Nanoscale 3D Metallic Patterns  with S4 
The design flexibility of the S4 process  depends to a large extent on the capability 
of the fabrication technique that has been used for master pattern generation. The 
patterning results shown in Chapter 5 shows that  S4 can reliably  replicate patterns 
made on a mold substrate. While  state of the art direct writing techniques such as 
EBL\FIB  lithography can reliably fabricate  complex patterns at the nanoscale, the 
cost and rate associated with this process are still not economical. Also, the 
techniques are only useful for  patterning structures with a planar geometry (i.e. 
uniform thickness/height ), thereby limiting the capability of the S4 process to 
fabricating 2D metallic structures.  This limitation on the design capability of the 
S4 process can be overcome  if the Nanoscribe writing process can be used to 
produce nanoscale 3D structures as a master pattern  for S4.  
 
Figure 7.1 presents the conceptual framework of the approach for implementing S4 
patterning of 3D nanostructures silver. First,  the Nanoscribe writing process 
described in chapter 4 can be used to create a resist pattern that has surface features 
with height variation at the nanoscale. Once the pattern is made, replication of the 
features on to the S4 stamp can be attempted by melt processing  (AgI)0.5-
(AgPO3)0.5   around the master  pattern made using two photon lithography. 
Provided that the resist material can sustain the high temperature (i.e. >80 C) during 
stamp fabrication and patterns are well replicated into the (AgI)0.5-(AgPO3)0.5    
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stamp, electrochemical etching of a silver film with the stamp may reproduce the 
master pattern with nanoscale 3D features in silver. 
 
 
Figure 7.1: Combining two photon lithography and S4  for  fabrication for 3D metallic 
nanostructures  
 
Stamp Fabrication for Making  3D metallic Patterns  using S4  
Figure 7.2 (a) shows the CAD model of the master pattern that was fabricated on a 
fused silica glass substrate using Nanoscribe. Prior to patterning with the 
Nanoscribe, a monolayer of hexamethyldisilazane (HMDS) was deposited on the 
surface to promote adhesion between the patterned resist and the silica surface. This 
was necessary to prevent delamination of the pattern from the mold during the S4 
stamp fabrication process. Figure 7.2 (b) shows a micrograph of the resist pattern 
fabricated using Nanoscribe. Before attempting stamp fabrication, a monolayer of 
FDTS was deposited on the pattern as an anti-adhesion layer so that (AgI)0.5-
(AgPO3)0.5   can be easily released from the mold substrate.  Figure 7.2(c) shows a 
3D AFM image of the replicated pattern in a (AgI)0.5-(AgPO3)0.5   stamp. Although 
AFM data was not available for the particular Nanoscribe master, a comparison can 





Figure 7.2:  Two photon lithography and S4  for  fabrication of 3D metallic nanostructures 
(a) A CAD model of the design to be fabricated using the Nanoscribe. (b) Optical 
microscope image of the master pattern made using  the Nanoscribe. (c) AFM image of a 
(AgI)0.5-(AgPO3 )0.5 stamp made using the Nanoscribe master 
 
two photon lithography approach using the same CAD model but at different laser 
power and speed. The AFM scans of cross sectional profile of the master pattern 
and  replicated pattern in (AgI)0.5-(AgPO3)0.5 shows that the profile with  nanoscale 
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variation has been well replicated in to the (AgI)0.5-(AgPO3)0.5  stamp (Figure 7.3), 
with the majority of differences attributed to unintentional  variations in the process 
condition when writing the masters using two photon lithography (different laser 
power, speed). For a quantitative evaluation of the replication process, comparison 
of the AFM cross sectional profile of the actual master pattern and replicated pattern 
is recommended. While the results reported in Figure 7.2 and Figure 7.3 show 
successful fabrication of a S4 stamp with 3D nanoscale patterns, electrochemical 
etching  of a silver film should also be attempted in the future to evaluate the 
efficacy of the S4 process for generating 3D metallic structures. 
 
Figure 7.3:  AFM cross sectional profile comparison  of the master pattern and replicated 





7.2.3  Roll to Plate (R2P) for Scaling up S4   
A key challenge towards implementing a R2P scheme is to fabricate a patterned 
(AgI)0.5-(AgPO3)0.5    that is long enough to be continuously fed into the roller. As 
the area of the stamp required is increased, adhesion of (AgI)0.5-(AgPO3)0.5    to the 
mold substrate makes it difficult to release the stamp from the mold during the 
stamp fabrication step. This challenge was   overcome by using a flexible substrate 
such as PDMS as mold for the master pattern, so that after imprinting, the mold can 
be easily peeled off from the patterend stamp. First, A monolayer of FDTS was 
deposited on the silicon mold shown in Figure 6.3 as an anti-adhesion layer. Then 
PDMS was cured around the master pattern and then delaminated from the silicon 
mold.  A monolayer of FDTS is then deposited on the patterned surface of PDMS 
as an anti-adhesion layer. The patterned PDMS substrate is then used as the mold 
for fabricating (AgI)0.5-(AgPO3)0.5   stamp. Next, two 2 mm thick spacers are placed 
on the PDMS substrate  to form a channel, and a piece of solid (AgI)0.5-(AgPO3)0.5   
glass  is placed in the channel. The assembly is then heated to a temperature above 
the glass transition temperature  of (AgI)0.5-(AgPO3)0.5  so that the glass can melt 
and flow over the patterned PDMS wihtin the channel. A polished Si wafer, heated 
to 200 C, is then pressed on the molten top surface of the glass with the aid of some 
weights to flatten and spread the molten glass until the silicon wafer rests on both 
spacers, producing a 1 mm thick patterned stamp. The entire assembly is allowed 
to cool to a temperature of 80 C so that the glass  solidifies, and the PDMS substrate 
can then be easily peeled off  from the stamp. Figure 7.4 (a) shows the (AgI)0.5-
(AgPO3)0.5  stamp fabricated for the R2P process, and the PDMS mold used in the 
process.  The dimension of the stamp made is ~35 mm C 12 mm C 2 mm.  The 
stamp fabrication experiment for roll to plate S4 reported above was implement in 




       Figure 7.4: PDMS mold and S4 stamp fabricated for S4 in R2P Scheme: 
 
for a R2P scheme, further refinement of the stamp preparation process is necessary 
to overcome issues such as trapping of air bubbles in the glass and discoloration of 
the glass due to reaction of the material with air or PDMS.  
 
To summarize, electrochemical direct writing on (AgI)x-(AgPO3 )(1-x)  using an 
AFM tip provides an opportunity to rapid prototype  silver  nanostructures with < 
400 nm nanostructures in a simple manufacturing environment ( e.g. liquid-less and 
mask-less process under  ambient conditions). The capability to erase and rewrite 
silver patterns provides additional flexibility in the process for making complex 
nanostructures. By using the patterned substrate as a template for replica molding 
of soft materials such PDMS, this writing technique can also be utilized for high 
throughput nano-channel fabrication in biofluidics and microfluidics devices. The 
applicability of the technique is then extended for nano-patterning copper by 
utilizing a glassy copper pure ionic conductor (CuI)0.3-(CuPO3 )0.7. An initial 
framework for modeling the grown behavior on different metal ion conductor is 
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then provided by simulating the growth behavior of silver on (AgI)0.25-(AgPO3 )0.75 
in a voltage controlled extraction process. To address the need for scalable 
manufacturing, S4 patterning of silver is demonstrated using a 10 mm diameter 
stamp, and path to further scale up the process is discussed with the aid of thermal 
simulation of the S4 process. Continuous patterning of silver nanostructures is then 
demonstrated by using S4 in a roll to plate scheme. It is hoped that by characterizing 
the stamp fabrication process for making a long flat stamp or a roller stamp,  S4 
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